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Abstract.
Apparatus has been developed for conducting 
electrodeposition experiments from fused electrolytes, 
under vacuum or an inert atmosphere.
Procedures have been developed for the 
preparation of chloride electrolytes free from oxygen 
and extraneous impurities.
Attempts have been made to prepare niobium 
chlorides in situ, but these have met with little 
success.
Current - polarisation measurements have 
been made by means of a standard reference electrode.
Coulometric measurements have shown that 
niobium dissolves anodically to give trivalent ions 
in solution at low current densities. These form a 
reversible electrode system with a niobium electrode. 
At higher current densities the niobium dissolves to 
give tetravalent ions in solution. These are in the 
form of complex anions, possibly NbClg , and can only 
be reduced by a secondary reaction involving alkali 
metal dissolved in the electrolyte.
Approximate estimations of the free energies 
of formation of niobium chlorides have been made, and 
are in good agreement with recently published results.
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Properties o_f Ni obium and its Compounds0
The greatly increased interest in the metal 
niobium arises from its possible use as a canning material 
for uranium fuel elements in atomic reactors. Previously, 
the principal use of niobium was as a carbide forming 
addition to austenitic stainless steels and creep 
resisting alloys. For this purpose it was used as the 
alloy ferroniobium.
The element was first discovered in 1801 by the 
British chemist Hatchett and given the name columbium but 
the International Union of Chemistry in 1948 recommended 
that the name niobium be adopted. This will be used 
throughout this work.
The pure ductile metal was first isolated by 
Balke in 1929 (1) who having obtained the pure double 
fluoride, K^ NbOF,-.H^ O, by fusion electrolysis, extracted 
the metal, as a cathode deposit, in the form of a very fine 
jjowder, which was sintered to give a ductile metal capable 
of being formed into bars, sheet, rod and wire,
1.1. 0ccurrenc y
The principal source of niobium is the mineral
cclumbite-tantelite, having the formula (FeMh)(NbTa) ,2 6
which is found in the Belgian Congo and Nigeria. The ores 
always contain both niobium and tantalum but only those
2ores in which, niobium predominates are used for the 
extraction of the metal.
1.2. Extraction of niobium.
Columbite is first separated from the 
associated minerals by washing., tabling and magnetic 
separation, for ferroniohium, where tantalum' contamination 
is not critical, the mineral is reduced first in an 
electric furnace with carbon and then by the alumino- 
thermic process. A typical analysis of ferro-niobium iss-
Wd - Ta 65 - 72# (5.5-- 6.5# Ta).
Fe 25.75#
A1 1.55#
Mn 2.00#
C 0.10#
Sn 0.16#
Si 0.39#
Ti 0.42#
This may be used, as will be shown later, as a 
starting point for the production of pure niobium.
For the production of pure niobium a complicated 
purification process is necessary involving the separation 
of tantalum. The preparation of the pure metal involves 
four stages
a), production of a pure compound free from 
tantalum,
b). reduction of this compound to metal powder 
or sponge,
c). sintering of the powder, involving further 
purification in the removal of C, HoJ and O^ ,
d). mechanical treatment of the sintered material 
to reduce porosity.
The method used by the Pansteel Metallurgical 
Corporation for obtaining pure niobium from the concentrate 
has been described by C. W. Balke (2) and L„ P. Yntema and 
A. I. Peney (3). The pulverised concentrate is first fused 
with caustic soda and leached with water to remove the silica 
Treatment with hydrochloric acid removes iron, manganese and 
other soluble metals, leaving insoluble niobium and tantalum 
hydroxides, which are then dissolved in hydrofluoric acid and 
potassium fluoride added. On cooling potassium fluoniobate 
remains in solution as the relative solubilities of the salts 
in water ares-
K2TaF 5 g/1.
K-NbOIUI.O 77 g/l.2 p 2
This leaves 2/t tantalum in solution together 
with the niobium. This concentration is further reduced by 
the addition of potassium carbonate to the boiling solution 
when TagOj-.2iy?aP^ precipitates. The niobium is finally 
precipitated from the solution as TNa^O.SNb^O,-.IIH^O by 
the addition of strong caustic soda, and finally purified 
by fractional crystallisation of potassium niobate
Reduction of the pure conipouncl jt o niobium powder.
All of the early metallic niobium was prepared by 
the electrolysis of fused potassium niobium oxyfluoride, 
using a graphite anode and the cast iron pot as the cathode. 
At first this produced only a lower niobium oxide, however, 
after experiments with various additions to the bath, 
current density, and temperature etc., pure niobium was 
obtained as the cathode product. This process was 
uneconomical, however, and other processes have been 
developed. The method now favoured in America is the mutual 
reduction of the carbide and oxide. In this process an 
intimate mixture of the carbide NbC and oxide Fb^O^, in the 
stoichiometric proportions to give niobium, are pressed into 
bars and heated in vacuum furnaces to 1600°C. At this 
temperature the following reaction occurs
F bo0 r  + 5FbC = 7Fb + 5C0.
The evolution of carbon monoxide is very rapid 
and the greater part of it is removed by the pumps in a few 
minutes. Although the yield is slightly less than 
calculated due to volatilisation of the oxide during the 
heating cycle the only impurity is carbon which can be 
removed during a subsequent sintering process.
Further purification of the metal occurs during 
sintering as shown by the following figuress-
5
Before sintering After sinte:
°2 0.71 0.01
h 0.09 0.013
C 0.18 0.015
Si ' 0.03 0.007
H2 0.30
-
The porous mass of metal from the above process 
is reduced to a powder by milling in a ball mill. The final 
particles consist of several grains whereas with electrolytic 
niobium the particles are usually found to be small 
individual crystals.
An alternative method of reduction to the metal 
is the sodium reduction of the pure potassium niobium 
fluoride (lyrbE). This is the process practiced in this 
country. (4).
U.K.A.E.A. Process (5)«.
Alternative processes for the production of a 
pure niobium compound, 'free from tantalum, starting from ferro- 
niobium, have been developed by the U.K.A.E.A (5). Two 
routes from ferroniobium to pure niobium trichloride were 
used, one involving the preferential reduction of impurity 
chlorides by hydrogen, and the other the fractional 
distillation of the volatile chlorides. These processes 
are outlined diagramatically in fig. 1.1.
FERRONIOBIUM.
CHLORINE.
MIXED CHLORIDES 
N b C lj TaClg FeCI3 etc.
HYDROGEN REDUCTION NbCIc & TaC
AT 3 0 0  C.
NbCI- & TaC I FRACTIONAL DISTILLATION.
NbCIPREFERENTIAL HYDROGEN
REDUCTION AT 5 0 0  C
HYDROGEN REDUCTIONNbC
NIOBIUM TRICHLORIDE.
FIG.1.1> SCHEMATIC DIAGRAM OF THE PURIFICATION 
STEPS INVOLVED IN THE PREPARATION OF 
PURE NIOBIUM TRICHLORIDE.
a)^  Preferential hydrogen reduction (6).
The volatile chlorides were obtained by burning
ferroniobium in a stream of chlorine. With a five times
excess of hydrogen, the volatile chlorides were passed
through a tube at 350°C when the ferric chloride was
reduced to n:cn~volatile ferrous chloride which remained in
the tube. The chlorides, now consisting principally of
KbCl_ and TaCl-, were distilled with a five times excess 
5. 5 '
of hydrogen and passed through a furnace at 500 -550 C.
This resulted in the preferential reduction of niobium 
pentachloride to the trichloride, which remained as a black 
flakey deposit on the walls of the furnace tube.
b )o Distillation of the volatile chlorides (7)^
The volatile chlorides were obtained as above.
On heating the chlorides the ferric chloride decomposed to
give chlorine and ferrous chloride which was retained in the
flask. The mixed chlorides (NbCI,- and TaCl,-) were then
5 5 .
treated in a reflux condenser and the more volatile TaCl ■
5
removed leaving pure NbCI,-.
5
Reduction of pure niobium pentachloride.
 —>*1 ■ »' ii. * >m— h i mill it «r*i. VU&m*
It was shown during the work outlined above that 
the hydrogen reduction of niobium pentachloride at 500°C 
is reversible reaction?■using a five fold excess‘of 
hydrogen a 74^ yield of niobium trichloride is obtained.
Niobium trichloride is reduced to the metal by 
hydrogen at temperatures above 600°C. The reduction is
8complicated by the fact that above 650°C disproportdonation 
of the trichloride to niobium and pentachloride becomes 
appreciable, and hence the reaction must be conducted at 
as low a temperature as possible. Initially, at 650°C, the 
reaction is rapid but the rate decreases because of the 
formation of a niobium deposit on the trichloride.
However, a yield of 84$ is obtained.
Recent developments. (8).
The U.S. Bureau of Mines are studying the 
magnesium reduction of niobium trichloride. As the 
trichloride is not volatile it can be freed from the 
volatile oxychlorides by sublimation. High vacuum 
distillation is used for the removal of the excess magnesium and 
chloride. The product is a porous mass of metal which is 
consolidated by inert atmosphere arc melting.
Mention has been made of the electrolysis of 
lyfbP -NaCl mixtures (9) which is carried out in a fused 
bath containing 10 - 14$ NaCl at a temperature of 800°C,
No other details are given.
The thermal decomposition of the pentachloride 
has also been suggested but again no details are given.
l„3o Properties and chemistry of niobium.
Niobium is a metal of group Ya of the periodic 
table. It has a body centred cubic structure at all 
temperatures up to its melting point of 2415° ^ 15°C. (10).
9Its position in the periodic table is among the 
more active metals and it reacts readily with oxygen, 
hydrogen and nitrogen at temperatures above 250°C. Studies 
of the kinetics of the reactions with these gases were made by 
G-ulbransen and Andres (11), The reaction with oxygen obeys 
a parabolic lav/ for the temperature range 250 ~ 450°C, 
whilst at higher temperatures oxidation occurs according 
to a linear lav/. Seybolt (12) has shown that oxygen is 
soluble in niobium to the extent of 0.8$, the increase in 
oxygen being accompanied by an increase in hardness and 
lattice parameter. The results are shown graphically in 
fig. l.II.
Three oxides are formeds- 
NbQo
This is black in colour and has a cubic structure.
It may be prepared by the hydrogen reduction 
of a higher oxide at 2500°C or by magnesium 
reduction of the oxyhalide,
NbO^.
This is also black in colour but has a rutile
type structure. It is insoluble in most
reagents including hydrofluoric acid. It may be
prepared by the hydrogen reduction of Nbrt(X- and
2 5
also the cathodic reduction of fused oxyniobates.
Nbo0c.2 5
This is white in colour, stable and refractory.
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It is formed by the ignition of the carbide,
hydrated acid or lower oxide.
Niobium reacts with nitrogen and obeys a parabolic 
law in the temperature range 500 - 850°C. Two nitrides are 
formeds- NbN, and Nb^N,
The metal readily absorbs hydrogen which, however, 
can be removed by heating to 400 - 900°C under vacuum. At 
400°C the hydrogen content is 65 ccs/g whilst at 900°C it 
is 4 ccs/g.
Because of the high reactivity with gases at 
temperatures above 250°C all work involving niobium metal 
at elevated temperatures must be conducted in an inert 
atmosphere or in vacuo.
The acid corrosion resistance of niobium is very 
good, surpassed only by that of tantalum. Table 1,1 (13) 
shows the corrosion resistance of niobium in various acids.
It should be noted that these figures are for niobium in the 
form of sheet; in the form of a very fine powder the corrosion 
resistance might be very much lower. The massive metal is 
readily attacked and dissolved in a mixture of hydrofluoric 
and nitric acids.
Corrosion by caustic soda has not been so 
extensively studied but Fontana (14) found that it dissolved 
at a rate of 0.02 inches/year in 5$ NaOH at 100°C,
The excellent corrosion resistance is due to 
the presence, on the surface of the metal, of a very thin
12
Corrosion resistance of Niobium. Table 1.1.
Acid. Temperature, Corrosion rate 
inches/year.
HCl (18$) 19 - 26°C Nil.
HC1 cone. 19 - 26°C 0.00012
HCl conc. 110°C 0.004.
HNO^ conc. 19 - 26°C Nil.
1HNO 8 2HC1 19 - 26°C 0.00002.
1HN0 § 2HC1
j
50 - 60°C 0.0011.
h2s°4 19 - 26°C 0.00002. -
h2s°4 145°C 0.18.
H ?0.3 4
19 - 26 °C 0.00002.
JeCl 10$ 19 - 26°C Nil.
13
oxides film' gendering the metal passive under most 
conditions. Only under conditions when this film breaks - 
down does niobium corrode.
1,4, Chlorides of niobium*
Niobium reacts readily with all the halides at 
elevated temperatures; the fluorides and chlorides form a 
very important series of salts which are extensively used 
in its extraction and purification.
The fluorides of niobium, in which the metal is 
present as a complex anion, have been preferred for the 
extraction of the metal. Since in the present work the 
chlorides have been studied it is desireable, therefore, to 
consider them in some detail.
Niobium forms three chlorides;- 
Niobium pentachloride„
Niobium tetrachloride.
Niobium trichloride, 
which decrease in volatility in the order shown.
a), Ni ob ium pent a ch I. or i d e.
This is formed by the reaction of the metal at 
temperatures in excess of 200°C, with chlorine, or 
by the chlorination of a mixture of carbon and the 
oxide at elevated temperatures. At room tenrperature 
it is a yellow solid which melts at 210°C and boils at 
249°C. It reacts violently with moisture forming niobic 
acid and hydrogen chloride. Niobium oxychloride is
formed as an intermediate compound in the above 
reaction. In the vapour phase it attacks platinum, 
and stainless steel,
b) „ Niobiuim_ tetra_ch 1 oride_ (16 ),
This is a blue crystalline substance which is stable 
in dry air at room tempera.ture and sublimes at'350 - 
400°C. In moist air it is slowly oxidised to give 
the oxide with the evolution of hydrogen chloride.
When heated in moist air it forms niobium oxychloride.
In oxygen free water it dissolves to give a blue 
solution. It can be prepared in a number of wayss~
1) c, he at ing ni ob ium wi th an excess of ni ob ium 
pentachloride at 300°C,
11). heating iron with niobium pentachloride 
vapour at 400°C,
111), heating aluminium with niobium pentachloride 
vapour at 400°C,
,1V). heating a mixture of niobium pentachloride 
and trichloride in a glass tube, one end of 
which is heated to 280°C, the other remaining 
at room temperature (niobium tetrachloride 
'forms in the intermediate range),
V). niobium and niobium pentachloride in the ratio 
of 1 s 5 react at 450 - 500°C in a closed system 
to yield large crystals of tetrachloride (17),
At elevated temperatures the tetrachloride disproportionates 
to give the trichloride and jientachlorides-
2FbCl4 (s) ;“ h NbCl3 (s) + NbCl^g),
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The composition of niobium tetrachloride has been determined 
bys-
a)o determining' the amount of hydrogen chloride 
liberated by passing a stream of moist air 
over the heated chloride and weighing the 
residue*
b). determining the reducing power on dissolving 
in ferric ammonium sulphate and estimating the 
chloride content with silver nitrate...
c) ° b'iob inn trichloride (IB),
This is formed by the hydrogen reduction of the
pentachloride at 600°C, It is a black flakey substance,
unreactive and insoluble • in all common solvents* It is
stable in air at room temperature but is oxidised if
heated above 1C0°C. Its composition varies from
NbCl~ to NbCI. . - depending upon the conditions 
2.65 . 3*13 .
of reduction0 The composition of the trichloride varies 
with the vapour pressure of pentachloride in contact 
with it; the higher the vapour pressure of the 
pentachloride, the nearer is the composition to NbCl^
It is oxidised by strong nitric acid to Nb^O^. When 
heated to 650°C it commences to disproportionate to 
give niobium metal and niobium pentachloride. Hydrogen 
and alkali metals reduce it to the metal at elevated 
temperatures.
The quadruple point of the system NbCl^ (s),
Nbcq (s), FbCg (1), and IfbCg (g) is 400°C.
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1.5o Estimation of niobium,
A large number of papers have been published on 
the estimation of niobium. This arises from the fact that 
niobium is almost always found associated with 'tantalum 
which complicates the separation and estimation.. In the 
absence of tantalum the estimation of niobium is comparatively 
simple. The following methods for the estimation of niobium 
are mainly abstracted from i{The analytical chemistry of 
niobium and tantalum5*, by Schoeller & Powell. All methods 
are gravimetric and involve, as the final stage, the weighing 
of the oxide Nbo0 , which is white at room temperature but 
yellow when hot.
Niobium is difficult to dissolve. Mixtures of 
hydrofluoric, nitric, and sulphuric acids are required and 
the dissolution is carried out in a platinum crucible.
Oxides of niobium are best dissolved by fusion with potassium 
bisulphate. Once in solution, and in the absence of tantalum, 
the niobium can be precipitated in a number of ways s.-
a)„ Cupferron.
Additions of cupf err on to a lOfo sulphuric acid 
solution of niobium, precipitates the niobium as a 
reddish . brown complex. This is washed with 5$ 
NH^Cl solution and finally ignited to 
900°C. This is the method used throughout this 
work.
b). Tannin solution,
Additions of a 2$ tannin solution to a dilute
17
acid solution of niobium followed by ammonia, 
precipitates niobium as an orange coloured
complex which may be ignited to the oxide Nb-Q..
. 2 5
at 900 C.
0)° Acid hydrolysis.
Additions of sulphuric acid or hydrochloric acid 
to a cold dilute alkaline solution of niobium 
precipitates niobic acid which can be ignited
to the oxide xTbo0r.
2 5
Solution of the chlorides of niobium in water 
results in the precipitation of the hydrated oxide which, 
however, may not be complete. Any niobium remaining in 
solution can be detected by adding ammonium thiocyanate to 
the solution which has been made strongly acid by the 
addition of hydrochloric acid. The presence of niobium is 
shown'by the formation of a light yellow precipitate.
18
CHAPTER 2.
Survey of the Electrodeposition of Metals from Fused Salts.
The application of ha.lid.es in extraction metallurgy 
is "by no means a modern development; magnesium, sodium, 
lithium and calcium have 'been extracted by fusion 
electrolysis of their chlorides for many years. Electrolysis 
of fused halides has beerr widely applied as is shown by the 
following list of metals which can be extracted by this process 
Ta, Hb, Be, Si, Ti, Zr, Hf, Th, U, B, Pe, Co, Hi, Cr, Mq , V,
Cu, and Ce„ However, of these metals only Ta and Be are known 
to be extracted industrially by fused salt electrolysis.
This is principally because of the difficulties that arise'in 
the separation of solid cathode deposits from entrapped 
electrolyte. The majority of the industrially operated fused 
salt electrolytic processes involve deposition of the metal 
in the molten state under which conditions the above 
disadvantages do not occur. The process is, therefore, only 
of general application for metals which are molten at 
relatively low temperatures.
2cl. Properties of fused halides.
Before surveying fused salt electrolytic 
techniques,'it is considered necessary to outline some of the 
properties of fused halides.
Oxygen coutamination_._
Halides are oxidised by water vapour at 
elevated temperatures by the equilibrium reactions--
M halide + H?O f = ! K O  +• 2H halide. (20)
The reverse reaction can be used for chlorinating chlorides 
contaminated by oxygen. However, it is sometimes preferable 
to use chlorinated hydrocarbons in place of hydrogen chloride.
At elevated temperatures oxygen displaces iodine, 
bromine, and chlorine but not fluorine from the 
corresponding halides, the reaction beings- 
M halide * ^ 0 * MO + halogen,
Lorenz (19) has shown that water vapour is soluble 
to some extent in fused anhydrous chlorides.
The reaction of fused anhydrous chlorides with 
water vapour may lead to the formation of oxj/uhlorides,
& ° ysome of which, e.g. CrOCl^, are more difficult to de-oxidise 
than the corresponding oxide. Some fluorides also show a 
tendency to form oxyfluorides at elevated temperatures.
The above reactions cause complications in 
obtaining a suitable cell feed for the electrolytic 
preparation of magnesium, lithium, and cerium as the removal 
of water from the hydrates of these metals without the 
formation of oxides or oxychlorides is thus extremely 
difficult e.g. hydrates of magnesium chloride.
The oxygen carrier in these reactions need not be 
water as silica in the presence of oxygen will liberate 
chlorine from fused sodium chloride. (2°-*)
4KaCl* Si02 + 02---- > Si022Na20 + Cl2
The ease of the reaction of chlorides with oxygen
2°
is given in increasing order as follows (20);-
AgCl, Hg9Cl9, PbCl0, CdCl0, LiCl, MnCl0, CuCln? ZnCl0,
C. £_ c. c. <L c. c.
SnCl2, NiCl9, PeCl2? MgCl2, CrCl ,■SnCl^, Ti’Cl , ZrCl^ , ,
AlCl^, and SiCl^. No figures were- available for the . 
chlorides of niobium but it is apparent, by analogy, that 
they will be of the same order as the chlorides of titanium 
and .zirconium.
£02^o Chlorination,
Since chlorination is more readily achieved by 
using the metal rather than the oxide 5 the following 
reduction - chloridising reaction is used for chloride 
productions-
2MeO + C + 2G12"~ *2MeCl + C0£. (j°-)
Instead of a separate reducing and chloridising agent CCl^ 
and C0Clo are used as combined reducing - chloridising agents. 
In a similar manner the chlorination of sulphides is often 
easier than the chlorination of oxides and sulphur chlorides 
may be used in place of chlorine,
Higher chlorides such as PeCl0, CrCl^, CuCl9, VCl^ , TaCl^
and NbCl readily release a chlorine atom so that iron plant 
5
cannot be used in contact with the above mentioned chlorides 
owing to corrosion caused by the free chlorine.. In addition 
some metals dissolve in their higher halides forming lower 
halides, e.gs-(jo^
he * 2 1 e C l y ~ * 3NeCl2,
A1 + Al?3 ---> 3 A1P,
m> + 4 N b C l p j  -> 5 N b C l ^ .
Ti + TiCl^ -— — > 2IiCl2.
2.3.- Solubility of metals in halides.
Metals may also dissolve in their halides forming 
true solutions, or colloidal solutions which are sometimes 
referred to as "pyrosols'1. These metal ~ metal halide 
systems have been studied recently (21) (22) and it has been 
shown thaty in certain cases, the solubility is very 
pronounced. Metals such as Ba, Sr, Ca, Mg, Zn, Cu, Pb, Na,
Id, and K, dissolve in their halides, e.g. sodium chloride 
dissolves 20$ sodium at 850°C, (23) the melt on cooling 
precipitating the sodium as a fog.. The fact that 0.5$ Mg 
is soluble in magnesium'chloride at 720°C (24) results in 
considerable losses in electrowinning, as the magnesium formed 
at the cathode diffuses bach to the anode and is rechlorinated. 
Barium dissolves to the extent of.30 mol$ in barium chloride 
at 900°C and equilibrium diagrams of these systems invariably 
show a miscibility gap which usually closes at high 
temperatures. (25). Lorenz (26) has .diown that the additions 
of other metal halides to the system markedly affects the 
solubility of metals in their halides.
Some metal hydrides are also soluble in their 
halides, e.g. CaH2 dissolves in CaCl^.
2.4. Electrolysis of fused salts.
Of the commercially operated fused salt 
electrolytic cells used for metal production, the majority 
operate at temperatures above the melting point of the metals 
being produced, e.g. Lithium, sodium, potassium, aluminium
22
and magnesium..
Porous diaphragms to separate the anode and cathode . 
compartments are not used, mainly "because there are very few 
materials that are resistant to the corrosive fused salt.
Water cooled pipes, around which the electrolyte solidifies 
forming a curtain, are used in the magnesium production cell 
where the molten magnesium floats to the surface of the cell. 
The layer of solidified salt acts as a curtain separating the 
anode and cathode compartments.
In the reduction of aluminium oxide the molten 
aluminium, which is more dense than the electrolyte, sinks 
to the "bottom of the cell (the cathode) as a molt on pool, while 
the oxygen reacts with the graphite anodes suspended from 
the top. In this way the anode and cathode products are 
directed in opposite directions and thus kept separate.
Separation of the metal from the electrolyte is 
"best achieved if the metal is in the liquid state. This is 
not practical with the refractory metals which would require 
a cell operating at over 2000°C, which is above the "boiling 
point of the majority of the halide solvents. The 
electrodeposition of the refractory metals results in a 
semi-adherent'powdery deposit which is difficult to separate 
from-the electrolyte. The cathode deposit can "be leached with 
water to remove entrapped electrolyte containing metal halides 
hut as the metal halides usually hydrolyse in water, the 
metal becomes contaminated. This contamination can be 
minimised by the use of an electrolyte containing as little
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of the metal halide as possible, providing this is consistant 
with the normal functioning of the c e l l o
Many commercial fused salt electrolytic processes 
involve either the pure halide or a solution of the halide 
in an alkali halide, the latter being used in order to lower 
the melting point of the electrolyte. With the refractory 
metals, electrolytes based on pure halides are not possible 
as the metal halides are invariably solids which sublime or 
decompose before melting, e.gs-
NbCl^
Kb C l.4
TiCl^
K TiP '2 6
Por these halides a carrier or diluent electrolyte 
is required which should have preferably a lower melting point 
than the solute. Alkali or alkaline earth metal halides, 
usually in the form of eutectic mixtures, are used for this 
purpose. Chlorides are preferred to fluorides as the latter 
are highly corrosive at elevated temperatures. In the case 
of electrolysis of oxides, e.g. aluminium oxide, fluorides 
are necessary to increase the solubility of the oxides and; to 
maintain a fluid bath.
The solvent melt acts beneficially in a number of
wayss-
a) it protects the compound from oxidation,
b) it reduces the vapour pressure of the compound,
thus increasing its stability and enabling higher
V  24-
working temperatures to be used.
A reduced metal ion activity is, however, frequently caused 
by the formation of complexes where the metal ion activity may 
be so low that direct reduction at the cathode is not possible. 
Under these circumstances the complex is reduced by a 
secondary process involving an alkali metal. Example of 
this reduced activity is beryllium chloride which boils at ^  
488°C but which can be electrolysed at 700°C in sodium chloride.
The solubility of the halides of multivalent metals
c*°v
may depend considerably on the valency, e.g. TiCl^ is only 
sparingly soluble in fused sodium chloride, but TiCl^ 
dissolves, within certain limits of temperature, in all 
proportions. ZrCl^ is soluble in the sodium chloride - 
potassium chloride eutectic, whereas ZrCl^ is completely 
insoluble. The formation of complexes is frequently the 
reason for increased solubility.
The carrier electrolyte or solvent should 
preferably be non-hygroscopic. Hygroscopic salts may lead 
to.the hydrolysis of the solute and subsequent contamination 
of the metal by oxide. Because of this the NaGl - ICC1 
eutectic is preferred to the LiCl - KC1 eutectic even though 
the melting point of the former is higher.
2 .5  c Anodic and catjiodic re actions in fuse d_ salt syst ems.
In fused salt processes tungsten and graphite are 
usually used as insoluble anodes. Tungsten, may be used below 
600 0 with little or no attack, but above this temperature 
it tends to dissolve in chloride electrolytes.
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Anode effect „m
Graphite is the best material for insoluble 
•anodes but has the disadvantage that it gives rise to an 
extreme form of anode polarisation in fused salts. The 
aanode effect:5 is a phenomenon whereby arcing ..occurs around 
the anode above certain current densities (27). The arcing 
is thought to be caused by a film of gas forming around the 
anode which prevents the electrolyte from wetting the 
electrode. This high resistance film causes the current to 
fall and the voltage to rise until arcing occurs.
Additions of oxide areknown to prevent this 
phenomenon in the case of fluoride electrolysis. This is the 
basis of operation of the Heroult aluminium cell. As the 
alumina content of the bath drops so the anode effect becomes 
more pronounced%. additions of alumina reduce the anode effect. 
The effect only occurs when fluorine is evolved and it is
thought that at temperatures in ex.eess of 500°C, OF is
4*
formed at the anode and since this cannot dissociate it acts
as an insulator. If oxides are present the OF, is oxidised
4
by the oxides to CO and 00^  with the formation of the metal 
fluoride. CF, is always found in the waste gases of a cell 
which exhibits the anode effect.
In the case of chloride cells operating above
o
500 C the anode effect cannot be caused by CC1„ as this
4
dissociates above this, temperature. CCl^ has never been found 
in the waste gases of chloride baths operating at temperatures 
above 500°C. Oxide additions, however, do prevent the anode
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effect in chloride electrolytes although the solubility of 
oxides in chloride melts is very low.
There are other reactions occurring at the anode 
which are characteristic of fused halides. In the low 
temperature electrolysis of A1C1 and FeCl^ pure graphite 
electrodes disintegrate in the electrolyte. This has been 
attributed to the formation of : carbon chlorine compounds 
(28) which are stable only below 500°C e.g. ^^-49 use
tungsten in this system removes the anode effect completely..
Side reactions often occur at insoluble anodes,
e.g. chlorine evolved at the anode oxidises the lower
valency halides to the higher valency state e.gs-
' TiCl---- ->TiCl„
3 4
FeCl2 * FeCl^
Soluble anodes.
One of two reactions can occur at metal anodess-
a) chlorine may be evolved,
b) the metal may pass into solution directly,
or after first reacting with the nascent gas.
a) usually occurs at high current densities, b) at low 
current densities.
Reaction at the cathode.
The reaction at the cathode may take one of three
forms s-
a) direct discharge of the metal ion to give 
the -pure metal,
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b) reduction of the metal ion Toy alkali metal 
produced by the primary electrode reaction,
c) reduction of metal ions to insoluble metal
halide, e.g. Zr++++_____» ZrCg which is
insoluble in the melt,
d) a mixture of b) and c).
Piontelli (29) has made studies of the apparent 
overvoltage by eliminating the concentration polarisation. 
Under these conditions the polarised potential, includes the 
activation overpotential and IE drop through the electrolyte« 
These experiments have shown that the apparent overvoltages 
are purely ohmic in nature. This is shown bys-
a) the current-polarisation characteristics which 
are linear whether the electrode is anodic
or catholic,
b) the dependance of the apparent overvoltage on 
the effective thickness and conductivity of the 
layer of electrolyte included between the 
electrode and reference electrode.
He concludes that the practical absence of electron exchange 
overvoltage (activation overpotential) appears to be a general 
property of metals in fused salts whether IxloIten, solid, 
normal, intermedium, or inert5 (Piontelli classification). 
Because of this, the rate controlling step of the reaction 
at an electrode in fused salts is the rate of diffusion of 
the ions to be discharged. An alternative electrode process 
will occur if the rate of reaction (i.e. the current) is
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-greater than the rate of diffusion of ions to the cathode 
surface 0 •
There is evidence, however, of passivation at 
anodes in fused salt electrolytes, this occurs as a 
consequence of the formation of layers of reaction products 
on the surface of the electrode.
These layers may consist ofs-
a) oxides or oxychlorides formed by spontaneous 
reactions or anodic processes when the 
electrolytes are not carefully purified from the 
last traces of water.
h) oxides on the metal surface prior to immersion 
in the electrolyte,
c), chlorides of the electrode metal. In an 
electrolyte containing the metal to he 
deposited in more than one valency state, a 
condition of supersaturation with respect to 
the-lower valency state, which is normally the 
anodic product, results in a film forming on 
the anode surface.
Current-polarisation curves for fused salts are typified 
by little or no increase in polarisation, apart from ohmic 
resistance, with increase in current,in stirred electrolytes.
The majority of the electrochemical procedures 
used in aqueous electrolytes are applicable to fused salts, 
although with greater difficulty due to the higher 
reactivity of the electrolyte and the difficulty in
manipulation of electrodes while maintaining an inert 
atmosphere„ With increase in temperature these difficulties 
increase0 However, these have been overcome and metals have 
been deposited, although the formation of a solid coherent 
deposit in fused electrolytes can be considered to be 
the exception rather than the rule.
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CHAPTER 3 .
Apparatus for the electrolysis of fused saltsu_
Difficulties occur in the electrolysis of fused 
salts that are not encountered in aqueous electrolysis.
In view of the rapid oxidation of niobium at elevated 
temperatures and the reactivity of fused chlorides in the 
presence of oxygen and water vapour, it is essential that 
electrolysis he carried out in vacuo or in an inert 
atmosphere. Facilities must he provided to meet this 
requirement and, at the same time, permit introduction of 
the electrodes into the melt.
The solidification of a fused chloride electrolyte, 
which is accompanied by an expansion, invariably results in 
failure of the containing vessel. It is, therefore, necessary 
that the melt should be contained in a dispensible crucible 
and not in the vacuum vessel itself,
3 * 1 . E le c t r o ly t e  con t a in e rs .
Industrial fused salt electrolytic processes are 
usually conducted in graphite or carbon lined cells. Pure 
graphite is not attacked by fused salts in an inert 
atmosphere, but is oxidised if exposed to air at temperatures 
in excess of 600°C. Impure graphite and graphite not 
completely fired, are attacked even in an inert atmosphere 
and the crucibles frequently leak, possibly due to the 
porous nature of the graphite. Impure graphite is also 
often the source of impurities in the electrolyte. Another
disadvantage with graphite arises from the presence of very 
fine graphite powder which is always associated with these 
crucibles. This has a tendency to float on the surface of 
the electrolyte, and in laboratory experiments may lead to 
the electrodes becoming short circuited.
Pyrex glass has been found to be suitable at 
temperatures up to 550°0, as although these crucibles break 
on cooling they are expendable. However, if large quantities 
of lithium metal are produced then the glass is rapidly 
attacked and fails quickly.
At temperatures in excess of 550°C high 
temperature silica glassescan be used, but are expensive, 
and are not often available in the form of beakers. Silica, 
mullite, or recrystallised alumina may be used at 
temperatures up to 1200°C and show little or no attack by the 
electrolytes. Their higher mechanical strength is also 
sufficient to 'withstand the expansive forces of the 
electrolyte on cooling. However, although there appears to 
be little or no attack by corrosion there is a distinct 
decrease in the thermal properties of the cruicible, with 
time of contact with the fused electrolyte.
3 . 2 . C o n s tru c tio n  o f ap paratus  f o r  fused s a l t  e le c t r o ly s i s . 
i 0JL°Ax P re lim in a ry  ap p ara tu s^
The apparatus used in the preliminary experiments 
is shown in fig. 3»I° If consisted of a mullite tube closed 
at one end, and fitted with a close fitting rubber stopper. 
The rubber stopper was provided with holes to take six glass
RUBBER TUBING.
PICENE WAX TO VACUUM
PUMP
RUBBER STOPPER.
STANDARD
ELECTRODE
NIOBIUM MULLITE TUBE.
ELECTRODES
PYREX BEAKER.
GLASS WOOL.
FIG.3.1. SCHEMATIC DIAGRAM OF PRELIMINARY APPARATUS.
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tubes and a vacuum connection. Through these glass tubes 
passed tightly fitting glass tubes containing?-
• a) tungsten rods as leads for the electrodes,
b) a standard electrode,
c) a thermocouple sheath,
d) one gas bubbling tube.
Over the ends of these tubes tightly fitting pressure 
tubing was fitted (see Pig. 3*1*) in an attempt to give 
a pressure tight joint. The electrolyte was contained in 
a pyrex beaker which rested on a layer of glass wool. This 
layer of glass wool was found to be advantageous when the 
crucible broke, as it absorbed the molten electrolyte and 
facilitated its removal. The mullite tube would have cracked 
if the electrolyte had been allowed to solidify in situ.
This cell had a number of disadvantagess-
a) difficulty in maintaining a vacuum.
b) difficulty in obtaining a pure electrolyte.
c) difficulty in observing the electrodes or 
electrolyte during electrolysis.
3.2.2. Low temperature cell.
The cell which overcame these difficulties was 
constructed of pyrex and is illustrated in fig. 3.II.
This cell consisted of two distinct partss-
a) a standard pyrex tube, 351 diameter, closed at 
one end, and having a ground flange at the other.
b) a top made from the same diameter tubing, 
containing two horizontial side arms, and five
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vertical tubes with internally ground surfaces.
Throughthese vertical tubes passed glass inner tubes, ground
to give a vacuum tight joint, to which were attached the
electrodes, thermocouple sheath, and gas bubbling tube. By
means of these syringe fittings it was possible to move the
electrodes etc. vertically and at the same time maintain a
■ ■ -3vacuum in the cell. A vacuum of 10 mms of Hg could be .■ 
maintained in this cell at 550°C. The maximum temperature 
of the electrolyte obtainable with this cell was 550°C, as at 
this temperature the outer envelope had a temperature•of 
600°C, which was very close to the softening point of pyrex 
glass. As before, the electrolyte was contained in a pyrex 
beaker which was surrounded and supported by a layer of glass 
wool. The electrode leads into the cell were 1.5 mm. 
centreless ground tungsten rods sealed into the glass syringe 
fittings giving a vacuum tight joint.
In order to observe the electrolyte and electrodes, . 
a diameter hole was drilled through the furnace casing and 
refractory lining at the level of the
electrolyte. By means of a light placed behind the cell, 
the electrolyte could be conveniently observed through this 
hole. In addition the level of the furnace was so adjusted 
that th‘e electrodes could be observed from the top of the cell.
Vacuum attachments were made to one of the side 
arms, the other side arm being used as an: exhaust for gases 
which were passed through the cell. In these side arms were 
situated two glass vacuum stop cocks by means of which it was
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■ possible to completely isolate the cell.
A photograph showing the top of the cell during 
an electrolysis run is shown in fig. 3.IH-
The disadvantages of this cell were the 
limitation of temperature at which it could be used, and the 
. fact that it was not possible to make additions to the 
electrolyte during electrolysis without risk of electrolyte 
contamination. Additions could be made through one of the 
electrode tubes against a heavy flow of argon, but this 
practice was unsatisfactory when it was desired to add an 
accurate quantity of substance to the electrolyte.
This, cell was heated by a nichrome wound 
cylindrical furnace which fitted closely around the cell.
3.2.3° H igh t emperatur e cell. .
The above disadvantages were overcome in the high 
temperature cell shown in fig. 3.IV. This consisted of a 
6*' diameter1 tube 2 ft. long which had two side arms (1” diameter) 
which were diametrically opposite and 8" from the top of 
the tube. This tube was closed .at both ends by water cooled
■ brass plates clamped down onto two 0 rings to give a vacuum 
seal. In the centre of the upper plate was a 3” diameter 
hole, over which fitted a glass top containing five syringe 
fittings similar to those used in the low temperature cell.
The pyrex beaker was heated by a silica spiral containing
a nichrome wire, the glass tube being protected from the heat 
by aluminium heat reflectors which also increased the
37
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efficiency of the furnace.
3^.2o4« Methods jof heating.
Two methods of heating the silica crucible were 
used in this cells-
1) low temperature cell.
A silica spiral containing a nichrome wound spiral 
was partly enclosed hy an aluminium heat 
reflector. This spiral fitted closely around the 
electrolyte container,.which was a normal 400 mis 
pyrex beaker. With this furnace an electrolyte 
temperature of 650°C could be obtained. This 
furnace had the great advantage that it gave an- 
uninterupted view of the entire electrolyte and 
electrodes,
2) High temperature cell.
The furnace used for the higher melting point 
electrolytes is shown in fig. 3»V. This was 
constructed from Morgans M.26 silica insulating 
brick. A spiral was machined in the sides of the 
cylindrical interior of the brick to take the 
nichrome winding which was also wound in the form 
of a spiral. The refractory was held together by 
a mild steel case. By means of this, furnace 
temperatures of 850°C could be easily obtained.
i
With this furnace the electrolyte was not readily 
observable,’
The leads to the furnace in this cell were two i "  diameter
1 r e f r a c t o r y  
(s i l i c a )
MILD STEEL 
CASE.
crrmrrn
FIG.3.V. DIAGRAM OF HIGH TEMPERATURE 
FURNACE FOR ELECTROLYTIC CELL.
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copper rods which, passed through rubber stoppers in the 
upper plate. Vacuums of 10 \mi3 of Hg. could be maintained 
in this apparatus. Additions could be made to the electrolyte 
by means of the spoon which passed through a Wilson vacuum 
seal. In order to make an addition, the material was placed, 
in the spoon which was then placed in the apparatus. The 
spoon compartment was then evacuated, the large stopcock 
opened, the spoon pushed through until it was above the 
electrolyte, emptied by inversion, retracted, and the large 
stopcock closed. Additions could also be made to the cell 
under a pressure of argon.
A photograph of the high temperature cell set up 
ready for use is shown in fig. 3.VI.
All of the furnaces used were connected to the 
supply -by variable transformers. The temperature controller 
was a chopper bar type, in conjunction with a chromel alumel 
thermocouple. During an electrolysis the variable'transformer 
" was so adjusted that the controller had the current switched 
on for the greater part of the time. Under these conditions 
there was little, if any, overshooting of the set temperature 
so that a fairly constant temperature was obtained.
Temperature measurements_.
Temperature measurements were made with a 
platinium - platinum rhodium thermocouple. This was 
periodically checked against the melting points of tin, lead
42
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and antimony. The thermocouple was never found to be more 
than 1° in error.
3*3° Purification o f th e  gases used,
Because of the necessity of absolute removal of
moisture all the gases used were subjected to drying and 
purification before passing to the cell.
Purification of argon.
This was "lead seal"' 99 »95$ argon as supplied by
The British Oxygen Company. This was passed through a
sulphuric acid bubbler which was used as an indicator of the 
gas flow. The gas then passed through a tube containing 
silica gel (self indicating) followed by a tube containing 
copper turnings heated to 700°C. After the copper turnings 
the argon passed over calcium chippings, heated to 700°C, 
and finally over niobium powder compacts maintained at a 
temperature of 650°C.
Purification of hydrogen chloride.
The hydrogen chloride was prepared by the reaction 
of concentrated sulphuric acid with ammonium chloride. The 
ammonium chloride was dried before use in order to remove as 
much water as possible. The hydrogen chloride gas evolved 
was then passed over self indicating silica gel.
Purification of chlorine.
The chlorine was supplied as liquid in cylinders by 
Imperial Chemical.Industries and apart from drying by passing 
over silica gel, received no further treatment.
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A diagram of the gas purification trains is shown 
in fig. 3*VII, and fig. 3•VIII shows the complete 
purification apparatus.
3.4. Vacuum pumps and measuring gauges.
The efficient purification of the electrolytes 
required a high vacuum. In the small low temperature 
apparatus this was obtained by the use of a two stage rotary 
backing pump, which was capable of giving a vacuum of 10  ^mms 
of Hg. Between the pump and the apparatus was situated a 
liquid oxygen trap to remove any condensible salt vapours and 
moisture. Pressures were measured with a Pirani gauge on the 
pump side of the cold trap. Although this arrangement would 
indicate a slightly lower pressure than that actually in the 
cell, after prolonged pumping,this difference was considered 
to be negligible.
The high temperature system being much larger than 
the low temperature cell, required a pumping system with a 
higher capacity. This is shown diagrammatically in fig.
3.IX, which consisted of a single stage backing pump and two 
oil diffusion pumps. A cold trap was placed between this 
pumping system and the cell, and the pressure was measured 
at two points in the apparatuss-
a) at the top of the cell,
b) immediately between the pumps and the liquid 
oxygen trap.
At the beginning of an experiment, the pressure as recorded 
by a) was considerably more than that of b), but this
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difference became almost negligible after pumping for some 
hours. -
3.5. Electrical measurements.
All iDotential measurements were made with a Tinsley 
potentiometer, type B.3387*? in conjunction with a Pye 
Scalamp multirange galvonometer. With these it was possible 
to measure potentials up to 1.9 v to the fourth decimal place. 
The current was measured with a Sangamo Weston milliammeter 
with ranges?- 0 - 1mA, 0 - 10mA, 0 - 100mA, 0 - 500mA, and 
0 - 1000mA. This was correct to B.S.S.89<>
Electrolysing circuit.
The current for the cell was provided from one 
of two circuitss-
a),a constant current, or constant voltage source
t i
supplied by a Shandon Vokam power pack. This 
had a maximum output of 50 mAs at a potential 
of 400 volts. This source provided direct current 
showing less than 0.3$ a.c. ripple.
b). a 12 v 110 A /hour accumulator. In order to 
vary the current from this cell, a variable 
resistance of 0 - 100,000 ohms was placed in 
series with the cell. This very high resistance
■ ga^ re the accumulator the characteristics of a 
constant current supply at low currents, as 
small changes in the overall resistance of the• 
electrolytic cell were negligible compared with 
the variable resistance.
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3o6. Electrodes and methods of attachment.
Two types of electrodes were' used> 
a). Inert electrodes. 
t>). Niobium'electrodes.
Inert electrodes.
Spectrographically pure graphite rods, -J-” diameter, 
were used. These were supplied by Johnson Matthey in 12” 
lengths and were cut to 3 or 65 in length,depending on the 
cell in which they were to be used,and drilled and tapped 
at one end with a No,8 B.A. thread. The graphite rods were 
then screwed on to stainless steel connectors, which in 
turn were attached to the tungsten rods.
-Niobium electrodes.
1 iS
These were cut fromrolled sheet thick supplied 
by U.K.A.E.A. The purity of the niobium was better than 
99 -95 fo  The majority of the electrodes used we re 100 rnms 
long and 8 rnms wide, but in some of the experiments to be 
described, wire of 1 - 3 he&s diameter was used. These 
electrodes were in turn attached to stainless steel 
connectors v/hich were attached to the tungsten rods. It 
was necessary to ensure that in no case did the stainless 
steel connecting pieces come into contact with the 
electrolyte as this would have lead to its contamination.
Chapter 4.
Experimental procedures.
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4.1. Preparation of fused salt electrolytes.
The fused eutectics used as solvents for the 
niobium chlorides in this work could not he prepared 
directly 'by melting mixtures of salts. Purification of 
the fused salt mixture was necessary and in some instances 
this purification procedure was complex, prolonged, and 
tedious, similar considerations apply to purification of 
electrolytes for fundamental studiesof cathode processes 
in aqueous electrolytes.
Solvent^ sjsterns _ used_._
The two principal solvents used were s-
a). lithium chloride - potassium chloride eutectic 
and b). Sodium chloride - potassium chloride eutectic. 
Three other systems were used in subsidiary experiments s-
c). Calcium chloride - sodium .chloride eutectic.
d). Magnesium chloride - sodium chloride eutectic.
e). Sodium bromide - potassium bromide eutectic.
4.1.1. Preparation_of tlie 1 ithjlung chloride - potassium 
ch1oride jeute c tic„
The greater part of the work was carried out 
using this solvent. Potassium chloride is obtainable as the 
pure !!AnalaR,;! reagent, but unfortunately lithium chloride is 
only available as the commercial dried product, containing- 
water as a major impurity, and. iron and carbon as minor
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.impurities.
The lithium chloride, being very hygroscopic, 
was weighed in a weighing bottle and mixed with the 
required proportion of potassium chloride. (.60 inolfx Li Cl - 
40 mol% ECl), The salt mixture was then heated slowly to 
the melting point under vacuum in the apparatus shown in 
fig.3oiloo At the melting point large volumes of gas were 
evolved causing the melt to effervesce vigourously and 
evacuation was continued until no further gas was evolved 
at a pressure of 10 microns. At this stage the electrolyte 
was black in colnur due to the presence of very fine 
particles of carbon in the form of a suspension which 
could, however, be coagulated, and thus caused to settle 
to the bottom by passing a gas through the melt, large 
quantities of lithium hydroxide were also present and this 
was removed by conversion to the chloride by passing 
hydrogen chloride through the melt followed by evacuation 
to remove water from the system and hydrogen chloride from' 
the melt.. By means of this procedure the reactions-
11 OH *■ HCa ->• liCl ■+• H90o
could be made to go to completion.
The electrolyte was now yellow in colour due to 
the presence of ferric chloride. This was removed by a 
pre-electrolysis between graphite electrodes. The pre­
electrolysis, which could be conducted at constant current 
or constant voltage, was carried out under vacuum to remove 
the gaseous products at the electrodes thus preventing
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recombination and subsequent prolongation of tlio purifi­
cation.
for the constant current technique a suitably 
low current ( 8 milliamps) was selected and the cell left 
to. pre-electrolyse until the voltage increased-to a value 
just below that of the decomposition voltage of the pure 
eutectic.
The constant current technique was used throughout 
this work. At first bubbles of gas were seen to be evolved 
from both electrodes, but. as electrolysis continued the 
formation of bubbles of gas at the cathode ceased. This gas 
evolution is thought to be due to the electrolysis of 
dissolved hydrogen chloride.
Towards the end of the pre-electrolysis a light 
green deposit was was observed at the top of the cell. 
Analysis showed it to be ferric chloride, which being 
volatile is apparently vapourised from the melt before it 
can be reduced to the metal. Contamination of the melt by 
iron proved to be one of the greatest difficulties in 
purification. With iron present the electrolyte was yellow . 
in "colour but if allowed-to stand for some hours the 
electrolyte, became colourless and a reddish brown precipitate 
settled to the bottom of the cell. If hydrogen chloride 
was then passed through the electrolyte the precipitate
dissolved and the electrolyte again became a yellow colour, 
The red precipitate was filtered off on glass wool at 500°( 
and was found to be water insoluble. Qualitative analysis
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showed it to .contain iron, and the colour suggested that
it was,in fact, ferric oxide, Fe 0,. This precipitate
j
formed quite readily if the electrolyte was exposed to the 
atmosphere for some time. G-ray (30) and Comstock-Westcott 
(31) have shown that if an electrolyte containing ferric 
and ferrous chloride is exposed to the atmosphere for some 
time at elevated temperatures then chlorine is evolved 
and an oxide of inen is formed. The removal of iron by 
pre-eleetrol3rsis was prolonged (12 - 14 hours) owing to the 
very low' currents used and the low current efficiency of 
the processo The latter was due to the ferrous ibhsril,. 
produced at the cathode diffusing back to the anode and 
becoming oxidised to the ferric state.
It was found quicker.in the subsequent purifications 
of the melt to separate the iron by removing the electrolyte 
from the. cell after melting under vacuum, allowing to stand 
in the open atmosphere and then filtering on a glass wool 
pado This had the advantage of removing both the iron and 
the carbon which had occasionally caused difficulties 
previously by shorting the electrodes. After filtering the 
electrolyte, it was returned'to the cell, evacuated, 
chlorinated and pre-electrolysed as previously described.
When pre-electrolysis was complete the cell was 
filled with argon to a pressure in excess of atmospheric 
and the carbon electrodes removed under a heavy flow of 
argon. The electrolyte was now ready to receive the niobium 
electrodes and the reference electrode.
The preparation of the lithium chloride - 
potassium chloride eutectic to the above stage took 
two days to complete and was necessary before electro­
deposition could carried out.
Fig.4-I. shows current - voltage curves for 
the lithium chloride - potassium chloride eutectic between 
graphite electrodes at various stages in the preparation.
.This purification procedure gave current - 
voltage characteristics very similar 'to those obtained by 
Laitinen, Ferguson, and Osteryou (32) who used a similar 
purification process. SOCl^ and SiCl^ were tried by these 
workers as chlorinating agents but found to be unsuccessful.
4.1.2, Sodium chi or ide -- p01 as slum chigride eutectic.
The preparation of this electrolyte proved to 
be considerably less tedious and prolonged than that 
required for the lithium chloride - potassium chloride 
eutectic. Both salts i.are obtainable as pure ^AnalaR” 
reagents, are not hygroscopic, and do not contain any 
water of crystallisation. The salts were dried at 250°C 
for' a period of 12 hours to remove any absorbed water, 
and then mixed in the eutectic proportions (lsl molar) 
and placed in a silica crucible in the high temperature 
cell. The salts were then heated slowly to the melting 
point under vacuum. The vacuum was of the order of 10 
microns at. low temperatures but this was reduced to 50 
mi crons at the melting point because of the comparatively 
high vapour pressures of the salts.
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When molten, argon was admitted to the system 
and pre-electr-olysis carried out under argon as for the 
lithium chloride - potassium chloride eutectic.
Occasionally the anode effect was observed 
during the pre-electrolysis of this electrolyte. It was 
especially noticeable in preliminary experiments with this 
electrolyte when attempts were made to pre-electrolyse 
under vacuum. At certain pressures considerable arcing 
occurred at the anode.
Further treatment of the electrolyte in the 
high temperature cell was limited as no corrosive gases 
could be admitted since the system contemned metals 
( aluminium heat reflectors, nichrome winding, brass end 
plates, and mild steel furnace casing,) which would have 
been attached. However, in some of. the earlier experiments 
argon saturated with carbon tetrachloride was bubbled through 
the electrolyte prior to electrolysis in order to 
chlorinate any oxides that might have been present. As 
this appeared to have little or no effect on the final 
purity of the electrolyte, as observed in the final current 
- voltage curves, this process was discontinued.
Fig.4olio shows the current - voltage curves
for the electrolyte before and after pre-electrolysis.
0
4.1.3. Calcium chloride so^tum chloride eutectic.
This electrolyte was prepared from i!AnalaR" 
reagents. Calcium chloride was dehydrated by heating to
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200 - 300 C for 12 hours followed by cooling in a
dessicator. 'The two salts were then mixed in the eutectic 
proportions ( Isl molar )9 placed in a silica crucible 
and heated slowly to the melting point under vacuum.
Evacuation was continued at a temperature of 600°C until 
a vacuum of 10 microns was achieved. Argon was then admitted 
to the system and the electrolyte chlorinated by passing 
argon saturated with carbon tetrachloride through it for a 
period of 3-4 hours. The system was then evacuated and pre­
electrolysed between graphite electrodes. Pig.4oIII. shows 
the current - voltage curve for the pure electrolyte.
4 o 1.4 o Ma^ yie sium chi or id e - sodium chloride eutectic.
This was one of the most troublesome electrolytes 
'to prepare? due mainly to the the highly hygroscopic nature 
of the magnesium chloride. The magnesium chloride was • 
prepared in the anhydrous state by heating an ecjuirnolar 
mixture of the magnesium hexahydrate (MgCl^.dH^O) and 
ammonium chloride. The dissociation of the ammonium chloride 
with the■formation of free hydrogen chloride prevents the 
decomposition of the IvlgClg ( Le Chateliers principle).
The partially dehydrated magnesium chloride was then mixed 
with sodium chloride in equimolar proportions and the 
mixture melted under vacuum in the low temperature cell.
When molten conversion of any residual magnesium oxide to 
chloride was achieved by passing argon saturated with 
carbon tetrachloride through the electrolyte. The electrolyte 
was then pre-electrolysed between graphite electrodes. The 
current - voltage curve for the ''pure" electrolyte is
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shown in fig.4.IV.
4.1.5. Sodium bromide ~ potassium lorornide ut o c t icy
This salt mixture was prepared in exactly the 
same manner as the corresponding chloride system.
4.2. Preparation of the standard electrode.
The electrode usea in this work was similar 
to that described hy Bockris, Hills et alia (33) who 
modified the Ag/AgCl electrode used hy Senderoff &
Brenner (34). This electrode had the disadvantage that 
the asbestos plug diaphragm permitted silver ions to 
enter the electrolyte being studied and, in addition, 
the 'pure silver chloride in the reference' electrode 
resulted in an unknown and variable liquid junction 
potential.
This.particular electrode, which was developed 
specifically for use in a lithium chloride - potassium 
chloride electrolyte, consisted of a piece of silver wire 
immersed in an approximately 1$ solution of silver chloride 
in the lithium chloride - potassium chloride eutectics~
I p  solution of silver ! Low concentration of niobium
i
chloride in the eutectic.t ions in the eutectic.
i
i
Glass diaphragm.
This system has, therefore, a very small liquid junction 
potential. The diaphragm of this electrode consists of a 
very thin membrane of glass, the resistance of which has 
been found to be 2000 - 5000 ohms in the temperature range
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350 - 550°C. Two types of electrode were used and are 
shown in fig.4.V. Both are expendable and can only be used 
once as they do not withstand the solidification and 
ensuing expansion of the electrolyte. Because of this 
fresh electrodes were made-for each experiment.
Electrode 1.
This was made by blowing; a thin bulb on the end 
of a convenient piece of pyrex tubing. .Before use it was 
heated to red heat to remove any film of moisture and the 
electrolyte containing the silver chloride added under a. 
an inert atmosphere of argon. This elec trolyte was prepared 
separately and cast in the form of rods which could be passed 
down'the stem of the standard electrode. These were stored 
in a dessicator to prevent any contamination by oxygen from 
the reaction of the lithium chloride with water vapour.
4.2.1. Reppoducibi 1 i ty_of the electrode.
Reproducibility of this electrode has been shown 
to be better than 3 millivolts. This was determined by 
making pairs of electrodes and immersing them in the eutectic 
the potential difference between the unpolarised - electrodes 
rarely exceeded 0.5 millivolts.
The potential of a piece of unpolarised niobium 
with respect to three standard electrodes arranged as shown 
are listed overleaf. A Luggin capillary arrangement,as 
used in aqueous electrolytes to eliminate the IH drop 
between the reference electrode and polarised electrode.
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is unecessary in the present work owing to the high 
conductivity of the electrolyte.
To test the reversibility of the electrode 
it was polarised both anodically and cathodically with 
a current of 5mA and the potential difference measured 
with respect to a standard unpolarised reference electrode' 
after switching off the current. It was observed that within 
two minutes of stopping the current the potential difference 
was less than 0.3 millivolts and became zero in less than 
five minutes. These experiments show that the electrode' is 
both reversible and reproducible.
Electrode 2 ^
This was made by sealing a piece of very thin 
glass onto the end of a wide glass tube and introducing 
a piece of silver foil. It was thought that the foil would 
be less polarised than wire should a current pass during 
balancing with the potentiometer. A piece of silver chloride 
was placed in the electrode, which was then placed in the 
cell above the level of the electrolyte. Having prepared 
the electrolyte in the usual manner, the standard electrode
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was lowered into.the electrolyte until the electrolyte 
flowed in through the side arm* When almost full, the • 
electrode was raised so that the side arm was above the . 
level of the electrolyte. Any silver chloride that may 
have diffused out of the standard electrode while filling 
would be removed by the pre-electrolysis which was allowed 
to proceed after filling. The advantages of this electrode 
weres-
a). no contamination by oxygen was possible,
b). the electrolyte used in the electrode was 
identical to that in the cell.
'The disadvantage was that it was not possible to ascertain 
the exact concentration of silver chloride in the electrode.
The actual potentials of these 'electrodes were 
not known, although from the above experiments it has been 
shown that the potentials were reproducible. All results 
obtained using this electrode are based upon a potential 
of aero (c.f. the hydrogen electrode.).for this electrode.
4.2,2, Polarisation effeet within the electrode.
It was observed that after.the electrodes had 
been in use for some time, a deposit of silver formed on 
the wire at the liquid - atmosphere interface. This 
deposit (see fig,4-pVI.), which was always present, was 
thought to be due to cathodic polarisation of the electrode. 
Although the electrode is polarised in obtaining readings 
with a potentiometer, it is unlikely that it would always 
be in a cathodic direction. Some workers (35) have placed
Pig.4.VI. X. 4.5.
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a high resistance in series with the electrode in order 
to prevent large currents being passed, and prevent silver 
deposition. However, experiments in the present work have 
shown that silver deposition occurs even when the electrode 
has not been used, and since the potential of the electrode 
does not change with time there can be little change in 
concentration of silver' ions. It is suggested that this 
effect is due to a temperature gradient and that the silver 
dissolves at the hotter parts of the wire and is repre­
cipitated on the cooler parts,.further evidence of this is 
provided in a noticeable thinning of the -wire at the lower 
end. This phenomenon of the recrystallisation of silver in 
fused electrolytes containing silver ions has been observed 
by Art en, Hert ogg, and We st enb erg. (36).
4.3.. Electrodes.
4.3.1c Niobium electrodes.
These were cut from rolled sheet or wire. Various 
techniques were used in the preparation, from cleaning with 
emery paper, polishing with diamond compound, to etching, 
Etching proved.to give the best results as shown by 
reproducibility. The etching solution used consisted of 
equal volumes of sulphuric, nitric, and hydrofluoric acids, 
diluted to 50/^  with water. The electrodes were immersed in 
this solution until the crystal structure was revealed under 
macro examination, removed, washed.with distilled water, 
and finally dried with acetone.
4,3.2o Graphite electrodes.
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These only required treatment, apart from drying, 
if they had been previously used. Previously used electrodes 
were washed with distilled water, dried at 250°C, and then 
cleaned with emery paper. The criterion of cleanliness was 
to apply the flame test to the electrode. Absence of the 
colour of sodium or lithium showed the electrode to be 
clean. Before introduction to the electrolyte, the electrodes 
were heated to a dull red heat,
4,3.3, Ixamination_of_the electrodes^and electrolyte.
The electrolytes were allowed to cool in situ 
under an atmosphere of argon, for examination of the deposited 
niobium the solidified electrolyte was sectioned in the 
vertical plane of the electrodes. This was readily achieved 
by means of a hack saw.
If the electrode was required to be examined or 
weighed it was removed from the cell under a heavy flow of 
argon and quenched in water.
4,4, Me a surments of potential and decomposition voltages.
All potentials and polarisation measurements were 
made with a potentiometer. However, a high resistance 
voltmeter could be switched into the circuit in order to 
obtain a spot reading of the e.n.f., which was then determ­
ined accurately by the potentiometer.
Having increased the-current during current - 
voltage, and polarisation measurements a period of five 
minutes was allowed to elapse before readings of potential
6 9
were taken. This ensured that equilibrium conditions for
/
that particular current had been achieved. Tables 4.1. 
and 4.2.-show typical results obtained from a current - 
polarisation determination of the pure potassium chloride - 
lithium chloride eutectic between graphite and niobium 
electrodes.
As limiting currents readings were often erratic , 
especially with the anode under conditions when chlorine was 
evolved;- 1 a. a number of readings were necessary before a 
representative value could be obtained.
In order to measure a voltage in excess of that 
which the potentiometer could measure, one or two Weston 
standard cells, as required, were place in opposition to the 
potential to be measured and the appropriate voltage added 
to the reading from the potentiometer.
All readings of polarisation were corrected to 
give values relative to the standard electrode having a 
potential of zero.
70
Current - polarisation - voltage figures obtained 
from the liCl - EC1.eutectic between graphite electrodes at 
4.20°C. '
Actual rcladings„ ii Oorrected readings0
.
Current. Voltage o iAnode o Cathode.
i
Anode. Cathode, Voltage 0 Time.
amps o
"oToT j
:
757T P W
I
'~o7T?39 "1
——— - 37or““” — 0-
C. 00025 0.9962 |0,8571 -0.1128 0.5773 -0.2867 0.9962 5
0.00052 !1.3722 ji0.9575 -0.4298 0.6777 -0.6037 1.3722 10
0.00084 !11.7571 !1.0019 -0.6948 0,7221 -0•8687 1.7571 15
0 ,00123 0,9590 1.0824 -C.9188 jC.8026 -1.0927 1.9773 20
0.00205 1.2261 I1.1068 -1.1335 0.8270 -1.3074 2,2444 25.
0,00321 1.3368 1.1157 -1.2926 0.8359 -1.4665 .3551 30
0.00507 1.5087 1.1325 -1.3964 0.8527 -1,5703 2.5150 35
C.COG25 1.5522
.
1.1448 -1.4614 0.8650 -1.6453 2.5705 40
On 00725 1.6474. 1,1513 -1.5128 0.8715 -1.6867 2,6657 45
0.00831 1.6671 1.1632 -1.5552 0.8834 -1.7291 2.6954 50
C.00970 1.7148 1.1675 -1.5776 0.8877 -1,7515 2.7331 55
0.0190 1.7882 1.1901 -1.6428 0.9103 -I.8171 2.6063 60
0.0362. 0.9-119 1,2094 -1.7388 0.9396 -1.9127 2,9485 65
0.0491 0.9848 1.2096 -1.8432 0.9398 -2.0171 3,0214 70'
0.0725
‘
1.1108 |1.2217 -0.8978 0.9419 -2.0800
i
3.1474 75
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TABLE;. 4.11.
■ Current - polarisation - voltage figures obtained 
from the LiCl.- KC1 eutectic between niobium electrodes at
4 0 0 ° c
Actual readings. Corrected readings.
j
j
Current. 70 Itage c Anode. Cathode.
j
Anode. Cathode. Voltage. T ime. J
-  - 0.2114 -0.2114 - - -
!
0.00113 c.7924 O.0150 -0.7872 0.2264 -0.5758 0.7924 5 j
0.00220 1.2431 0.0513 -1.2073 0.2627 -0.9959 1.2431 10 i
i
C.00362 1.4836 0.0703 -1.5403 0.2817 -1.3289 1.4836 15 1;
0.00526 0.8821 0.C9B0 -1.8273 0.3074 -1.6159 1.9004 20 |
0,00657 0.9917 0.1198 -1.6919 0.3212 -1.6805 2.0101
I
25 |
0.00752 1.0560 0.1348 -0.9231 0.3462 -1.7300 2.0734 30
0.00890 1.1417 0.1584 -0,9733 0.3698 -1.7802 2.1600 35
0.0108 1.2028 0.1823 -1.0550 0.3937 -1.8619 2.2211 40
C.C230 1.4349 0.2741 -1.1684 0.4855 -1.9753 2.4532 45
0.0298 lo 5153 0.3301 -1.2015 O.5415 -2.0084 2.5335 50
0.0436 1.5936 0.4239 -1.2154 0.5731 -2.0223 2.6119 55
0.0581 1.6726 0.4767 -1.2207 0-6353 -2.0276 2.6909 60
0,0770 1.7164 0.5392 -1.2252 0.6881 -2.0321 2.7347 65
0.0916 1.8222 1.0175 -1.2290 1.7511 -2.0359 2.8405 70
0.0990 1.2254 1.2920 -1,2290 1.2299 -2.0359 3.2620 75
0.150 ' 1,6067 1.3030 -1.2382 1.5034 -2.0541 3-6433 80
The methods of preparation of niobium, chlorides 
described in Chapter h  all suffer from the disadvantage 
that great care must he taken',not only in the preparation, 
hut also in handling and transferring the chlorides to the 
electrolytic cell in order to prevent contamination by 
oxygen. Direct preparation of the niobium salts within the 
electrolyte removes these objections.
5.1«1. ..Reaction with lead chloride in the melt.
Gibson (37) has shown that certain refractory 
metals react readily with molten lead chloride to give the 
metal chloride and molten lead. This reaction can be util­
ised for the direct preparation of a solution of a metal 
chloride in the electrolyte by using a so3.ution of lead 
chloride in a sodium chloride - potassium chloride 
electrolyte, and immersing the metal in this solution. 
Examples of Gibson’s reaction and the temperatures required 
ares-
Uranium.
217 + 3FbCl„— — —*5UC1, + 3Fb 685°C.
Cerium.
2Ce + 3PbCl?-  2CeCl + 3B>. 650°C '
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Thorium
*nvi _L XX
Zirconium.
2Fb012 — .. -^ ThC‘1 + 2Pb
Zr 2FbCl2
Titaniunio
2Ti + 3Pb.Clf
^ZrCl, * 2Fb.
^  ^ i 3'r3Pb
585
590°C
650°C
The free energies of formation of the chlorides involved 
in these-reactions are as below?- (38)
(Jompound
PbGl,.2
Jed.
ZrCl
TiCl.
G- Ecals / g.mo 1 of chlorine
“^ 6778““  — —
200.0 
246.5 
196.8
These figures show that the refractory metal.chlorides are 
considerably more stable than lead chloride.
Reaction of niobium sheet with lead chloride in the melt.
A salt mixture consisting of 95^ lead chloride 
in the sodium chloride - potassium chloride eutectic was 
melted under vacuum. Argon was admitted and niobium strip, 
in excess of that required to react with all the lead 
chloride to give niobium trichloride, was added. After 16
i ~onouns at 760 C it was found by analysis of the melt and
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loss in weight, of the niobium that less than of the 
niobium had reacted. Gibson confirmed that in preliminary 
experiments with various metals he found little or no 
reaction with niobium.
It is possible that the free energies of formation 
of lead chloride and niobium chloride are too close together 
to give this reaction and it follows,therefore,that a metal 
chloride less stable than lead chloride might be more 
effective.
5 „ 1 o 2 o Re act i on o f n iobium she et with silver chloride in the
Iii© ± c •
■Silver chloride was selected as a more suitable 
metal halide as the free energy of formation 26.0 Ecals (38) 
is less than 67*8 .heals (PbCln) Other advantages are s-
a), low melting point of the halide,
b). no water of crystallisation,
c). no tendency to form oxides or oxychlorides at
elevated temperatures as these are unstable.
Preliminary experiments, carried out in open vessels under 
a stream of argon, showed that a reaction took place. A 
salt mixture consisting of 50% by weight of silver chloride 
in the sodium chloride - potassium chloride eutectic was 
prepared and melted under vacuum in the high temperature cell. 
An excess of niobium over that required to react with_ all of 
the silver chloride was added. After a period of 16 hours
the niobium was removed and found to be coated with a layer
of silver. The electrolyte was was observed to be blue in
7>
colour,and from the loss in weight of the niobium and 
the weight of silver deposited, it was calculated that the 
following, reaction had occurred s-
Nb + 4AgCl Kb01, - 4Ag.L\.
This reaction was confirmed by the blue colour of the solid­
ified electrolyte which,as will be shown later,indicates 
the presence of tetravalent niobium ions.
Although a reaction had occurred, it was clearly 
of no value for the introduction of niobium ions into the 
electrolyte, owing to the layer of silver on the niobium 
which separated the reactants. Thus although the free 
energy for the reaction was favourable, kinetic factors, 
prevented this reaction proceeding to completion.
An experiment was devised wherebythe rate of 
reaction could be studied, This consisted of measuring the 
rate of,change of e.m.f. between a piece of niobium and 
silver wire immersed in the melt. Fig.5.1. shows the 
relationship between potential and time for melts containing 
5$ and 1 fc silver chloride at 750°C. These curves show that 
the rate of reaction is greater with the higher silver 
chloride content electrolyte but in both cases the potential 
difference becomes very small within a period of one hour, 
showing that the niobium has become coated with silver and 
that the reaction has ceased. Pig.5.II. is a cross section 
of the niobium strip after immersion in the 1$ solution, and 
shows that the niobium is completely surrounded by a layer of 
silver„
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Pig,5.II. X , 1 0 ,
5• 1 • 3 • -Reaction between niobium powder and silver chloride 
in the melt.
1 In an attempt to overcome the difficulties 
experienced with deposited silver -300H niobium powder was 
used in place of strip. The niobium powder was first heated
g
to 600 C under vacuum to remove dissolved hydrogen as this 
would otherwise have been evolved in the electrolyte and 
would tend to reduce some of the niobium chlorides formed,
A melt consisting of 25^ silver chloride in the sodium 
chloride - potassium chloride eutectic was prepared under 
vacuum and found to be molten' at 500°C. Excess niobium 
powder was introduced by means of the spoon while the system 
was under an atmosphere of argon, and during the reaction 
argon was passed into the melt to ensure agitation and . 
prevent settling of the powder. As the reaction proceeded 
the melting point of the system rose so that suitable 
adjustment of the temperature controller was necessary to 
keep the system molten. A current-voltage study of this 
system using graphite electrodes gave the results shown in 
fig.5,111., This shows a straight line (Ohms law) relation­
ship between current and voltage. Examination of the solid­
ified melt showed that the silver had been deposited in the 
form of a highly porous mass throughout the whole of the 
system. This prevented an easy separation of the salt from 
the silver,
5,2, Preparation of niobium chloride ifin situtf by use of a 
cathode depolariser and a niobium anode,
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The failure of the Gibson reaction was considered
to he due to the very close proximity of the free energies 
of formation of lead chloride and niobium chloride, result­
ing in a very small '‘driving, force" for the reaction. It was 
considered that a possible method of producing a high 
concentration of niobium in the melt was by using a soluble 
niobium anode and Pb' as a cathode depolariser. A melt 
consisting of 25y* lead chloride in the sodium chloride - 
potassium chloride eutectic was prepared under vacuum and a 
niobium anode and two graphite electrodes introduced under a 
heavy flow of argon. The temperature was adjusted to 650°C 
and a current - voltage study between graphite electrodes 
made. This gave a decomposition voltage of 1.38 volts, 
which compares favourably with the calculated value of 1.41 
volts.(38)0 Electrolysis was then commenced using the niobium 
as anode and the graphite as cathode. In order to determine 
the current-voItage relationship the leads to the potentio­
meter had first to be connected with the negative lead to 
the niobium. The system can be initially represented ass-
As the applied current was increased,the measured e.m.f. 
decreased until it became zero, further increase of current
potential of the niobium anode was now more noble than the
The current — voltage relationship for this reaction 
is shown in fig.5.IV. and shows that a current corresponding to
j>; D. 
anode cathode.
graphite cathode
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2 .
15 A/dia~ (anode c.d.) could be passed with a potential
difference of less than Col v. Assuming that- the niobium in
- 4-  "f*
the melt is present as nb , it'is apparent that the current 
- voltage relationship must be due to the formation of the 
r ever s ib1e c e11s-
INb m-W*" n i i V ’"KOI - tMaCl Pb (deposited on carbon)
Pig.5.IV. shows that the potentials become equal 
after the application of a low c.d,, i.e. sufficient to 
deposit lead on the carbon. The fact that the potentials of
. 4. . 14* 4* _
the Nb/Nb and Pb/Pb electrodes are practically the same 
confirms that the C-ibson reaction is not possible with niobium. 
After a period when it was calculated that all of the lead had 
been deposited, a current-voltage study was made between 
graphite electrodes. The results of this are shown in fig.5.V. 
This shows that there is no decomposition voltage and- that 
at low currents there is a linear relationship between current 
and voltage (Ohms law). It was thought this phenomenon might 
be caused by the electrodes being short circuited by a pool 
of molten lead at the bottom of the beaker. However, raising 
the electrodes and electrolysing gave similar results. 
Examination of the solidified electrolyte revealed no pool 
of lead, but a section of the salt mass revealed a large 
number of lead crystals dispersed throughout the electrolyte; 
these are shown in fig.5.VI. These dendritic crystals of lead 
were isolated' by leaching with water and washing free from 
hydrated niobium oxides by decantation. The crystals are shown 
in fig.o5.VII.
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Analysis of. the salt showed it to contain unreacted lead 
chloride, niohium trichloride and some niobium tetrachloride.
5,3. linect chlorination,
Niohium pentachloride can be prepared nin situn by 
the direct chlorination of niobium immersed in the e l e c t r o ­
lyte, but a concentration of 0.01 mol ^ only is possible. 
Concentrations above this are difficult to obtain due to the 
highly volatile nature of this chloride.
5.4cSiscussion of jresuits.
The previous experiments show that it is not 
possible to produce a melt containing a high.concentration 
of niobium chloride which could then be used satisfactorily 
for the electrodeposition of niobium.
The failure of the Gibson reaction involving lead 
chloride could arise from a number of causes
a).formation of an oxide film on the surface of the 
niobium rendering it passive,
b).formation of an insoluble niobium chloride on the 
niobium,
c).insufficient difference between the free energies 
of formation of lead and niobium chlorides.
Regarding a), the formation of an oxide film is thought to 
be most unlikely as there is no evidence of oxide formation 
on niobium in work conducted under similar conditions, ho 
deposit of any form was found present on the niobium after 
a period of immersion of 16 hours which appears to preclude 
b).
It .is evident, therefore, that it is the free energy factor 
that prevents the reaction between niobium and lead chloride 
The Gibson reaction may be written?-
Kb r xPb01o   FbCl0 xPb.2 2x
from the reaction isotherms- 
AG° = -RTlog k.tt cm
where k is the equilibrium constant,^
■Vi"
' KTdCI, aPb 
Therefore £G° = -STlog----- — -----
~\7*
aKb aPbCl
As the lead and niobium are present in their standard states
their activities are unity. Therefore?-
aiTbCl„ ■ '
& G° = -HT log —  --- -
X
aPbClp
If A G° is very small then the equilibrium concentration of 
niobium chloride will also be small.
Fig.5.IV. shows that the decomposition voltage of 
lead chloride dissolved in the sodium chloride - potassium 
chloride eutectic between graphite electrodes is 1,38 v at 
650°C. This is in good agreement with the calculated value,
i.e. Pb - Cl—  PbCl2 h = 1.38 v. (II)
The"decomposition voltage”using a niobium anode 
in place of graphite/and in an identical melt was 0 volts, 
the reaction beings-
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It should he noted that at the beginning of the 
current - voltage determination using the niobium anode, the 
unpolarised graxPiite was eathodic to the niobium* Under these 
conditions it is thought that the potential of the graphite
is that of an irreversible electrode. As it becomes polarised
lead is deposited at the cathode but immediately dissolves 
in the electrolyte, consequently the electrode is still 
irreversible. Only when lead is deposited at a rate exceeding 
the rate at which it dissolves and diffuses away into the
electrolyte does the electrode become reversible. When this
occurs the potentials of the two electrodes were found to be 
identical and the overall voltage was zero.
Since the cathode reaction is identical in.both 
cases, i.e. the deposition of lead from solutions where the 
activities of Pb ions are identical, it is justifiable to
subtract the relevant equations in order to eliminate the
electrode potential involved, i.e. the potential of thv 
Pb/PbK electrode.
Subtracting equation (II) from (I),
|Kb *- Cl2- — > -IfbCq E = 1.38 v.
Since AG-° = - _nPE cals.
4.12
AU° = ~ _ 67 K.cals /g.mol Clp
4 o 12
This value is only an approximation as it is assumed that 
the ..activity of Mb***'*' is unity. This value is identical to 
that for lead chloride and is consistent with the results of
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the experiment showing little reaction between niobium and 
lead chloride, -
The libson reaction involving silver .chloride failed 
because the silver was deposited in the solid state and formed 
a layer on the niobium rendering it incapable of further 
reaction. The change in e.m.f,' with time (fig,5.1.) gives a 
measure of the rate at which the niobium is coated with silver. 
With the higher concentration of silver chloride the rate of 
covering is more rapid. The potential difference existing 
after a period of one hour is thought to be caused by the 
difference in the forms of silver in the deposit and the wire.
Attempts to use the above reaction to silver plate 
failed
niobium as the deposit invariably became detached from the 
niobium surface on cooling to room temperature. This is 
thought to be due to the difference in thermal expansion of 
silver and niobium,
Use^of a cathodic depolariser,
The inability to use fb as a cathode depolariser 
in order to obtain a high concentration of niobium in the melt 
is illustrated by the unexpected current - voltage relation­
ship shown in fig.f.V, This phenomenon, which can be regarded
?! it
as a type of super conductivity, is thought to arise from the
solubility of the deposited lead in lead chloride. It is
suggested that in an electrolyte containing a solution of a
metal in its halide there are two electrical resistances in 
parallel,
a ) i a resistance due to ionic conductance. Here no
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appreciable current can be passed until the 
decomposition voltage is exceeded. This can be 
regarded as a high resistance,
b). resistance due to electronic conductance, i.e. a 
low resistance.
With the application of a potential to such an electrolyte 
the majority of the current will, at first, be carried by 
the dissolved metal., e.g* lead in lead chloride, the e.m.f. 
being less than the decomposition voltage of the electrolyte. 
As the potential rises, so the ionic conductance becomes 
significant, the total resistance decreases, and more current 
is passed. This was found to be so (see fig.5.V.). That lead 
is soluble in lead chloride has been shown by Lorenz (39) who 
found that it caused very low cathode efficiencies. The 
phenomenon of ”super conductivity” is shown in fig.5.VIII.. 
This shows the effect on the current when lithium is added 
to the lithium chloride - potassium chloride eutectic, whilst 
being electrolysed between graphite electrodes at a constant 
voltage below that of the decomposition voltage of the 
eutectic. Examination of the solidified electrolyte did not 
reveal visible lithium metal but dissolution of the melt in 
distilled water resulted in a strongly alkaline solution. This 
super conductivity renders the melt useless for the electro­
deposition of niobium.
Further proof of the solubility of lead in lead 
chloride is provided by the absence of a pool of lead at the 
bottom of the cell. The crystals of lead dispersed through-
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out the'electrolyte could not have existed at the temperature 
of the electrolysis (650°0) and must have been ijrecipitated 
as the electrolyte cooled. Their dendritic form proves that 
they grew from the liquid phase, .i.e. a solution of lead in 
lead chlorideo Their dispersion throughout the electrolyte 
suggests that they were precipitated after partial solidifi­
cation of the electrolyte had occurred0
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C'HAPTIS. 6. ’ V  '
Electrolysis of niobium chlorides dissolved in the lithium 
chloride^- potassium chloride eutectic„
In view of the difficulties of preparing niobium 
chlorides within the electrolyte, it was decided to attempt 
to produce a high concentration of niobium in the melt by 
the use of a niobium anode0 This has been achieved by other 
workers^ but is only possible if the cathode efficiency is 
lower than, that of the anode. The majority of the following 
experiments were conducted in the low temperature cell (see 
fiS* 3. II) *
6,1, Slectrolysisg cgf the eutectic without niobium chloride 
additions
Having prepared the eutectic in the manner 
described in chapter 4. 5 the graphite electrodes were 
removed under a heavy flow of argon and replaced by niobium, 
electrodes*. H'o loss in weight of the niobium electrodes was 
detected after a period of immersion of 16 hours.
A current - voltage study gave results shown in 
fig*6,1*5 the break in the curve shows that a change in 
reaction is occurring with increase in current density at 
one or both of the electrodes. Identical experiments conducted 
at temperatures from 382 - 48l°C* gave the family of curves 
shown in fig.6 oil* 'the relationship between the limiting 
current and the temperature is shown in fig.6.III.
The standard electrode, described in chapter 4,
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was introduced into the system. At first the potential of
the unpolarised 'niobium electrodes, measured with respect
to the standard electrode was -0.53 volts, but after a
period of 16 hours this increased to ~0.32 volts and remained
constant at that value. This equilibrium potential could be
achieved more rapidly either by polarising the electrodes
for a short time at a low current density, or by the addition
of a minute quantity of niobium trichloride (5mgs), The
individual electrode potentials were measured with increasing
current under a positive pressure of argon. The results -are
shown graphically in fig,6.IV. It can be seen that there is
discontinuity in both curves,which, however, occurs at
different current densities, and it is. apparent that the
cathode break is less pronounced than that of the anode.
Readings of the anode polarisation above the inflexion were
sometimes erratic. Observation of the anode showed that the
discontinuity was due to the evolution of chlorine gas.
Readings of the anode and cathode polarisation were continued
2 •
to a current density of 100 A/dm but no further inflexions 
occurred.
Rig.6,Y0 shows the current polarisation curves for 
the lithium chloride - potassium chloride eutectic between?-
a), graphite electrodes,
b). niobium electrodes,
Above the inflexions the potentials of the niobium and 
graphite electrodes are identical, i.e. rhe electrode reactions 
are the same.
Under conditions of stirring or reduced pressure
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the anode inflexion is completely removed(see figo6.IV. )
i.e. the working voltage under vacuum was less than that under
argon,
The anode and cathode polarisation curves were 
determined at temperatures of '400, 438? 470, and 550°G giving 
the family of curves shown in fig.6.VI. The variation of 
anode limiting current' with temperature-is similar to the 
limiting currents in fig.6.III. The cathode limiting current 
also increases with temperature hut not at the same rate as 
that of the -anode.
Using a silver coulomrueter in series with tin; cell 
the anode efficiency was studied at various current densities
9 Q
from 0 •• 75A/diif, at, 400' C. fig.6 .VII. shows the variation of 
the Faraday equivalent with current d e n s i t y  and also the anode
efficiency, assuming the reaction to h 
Nb — Nb *4* 3e
The Faraday equivalent is defined ass- .
actual number of coulombs to dissolve 1 g.atoin Nb.-
theoretical number of coulombs.to dissolve 1 g.atom Nb.
"'It would appear that, initially, the metal dissolves 
as Nb44’+, with increase in current density the valency 
increases to 4 and remains.- constant at this value between
p
20 and 40 A/cmi . With further increase in current density, the 
Faraday equivalent increases rapidly. The anode efficiency 
decreases with increase in current density, and at a current
density just in excess of the limiting current, the anode
efficiency was found to be markedly reduced if measured under
100
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vacuum, '
Anodes polarised at current densities below the 
limiting current were clean on removal from the electrolyte* 
but when polarised at currents in excess of the.limiting 
current they were invariably coated with a black deposit. In 
the calculation of the Faraday equivalent this deposit was 
first removed, before weighing the electrode, by withdrawing 
the electrode from the electrolyte under a heavy flow of argon 
and quenching in water, when the deposit flaked off. By repeat­
ing this procedure a number of times, sufficient of the deposit 
was obtained.for an analysis, which showed it to have a 
composition of NbCl^ which, within the limits of experiment­
al accuracy, agreed very well with the non-stoichiometric 
compound KbCl^ .
The current - polarisation curve of an electrolyte, 
which had been previously used for a current - polarisation 
determination, is shown in fig,6,VIII. The normal current - 
polarisation curve (fig.6.VI.) shows that only a very small 
current can be passed until an e.m.f. of about 2 volts is 
exceededo 'This repeated current - cathode polarisation curve 
shows an almost instantaneous rise of current with potential, 
whiph at very low currents is almost identical to . that of the 
anode. This suggests two reversible electrodes, e.g.
Anode. Cathode.
jxi'b -«•«— a* M ) ^  + 3® Bb 3e --- —5*-Tib.
The form of the deposit on the cathode from the above
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experiment is shown in fig*6oil* ana was obtained by allowing 
the electrolyte to first solidify, without removing the 
electrodes, and then sectioning the solidified mass in the 
vertical plane of the electrodes* "The deposit,, which is 
dendritic, is seen to grow from both sides of the electrode, 
which is to be expected considering the very high conductivity 
of the electrolyte. It also shows that any attempts to specify 
the true cathode current density are subject to large errors. 
The niobium content of the deposit was 89$°
. The cathode efficiency was veiydifficult to 
estimate as the deposit was- not sufficiently adherent and 
quantities of the deposit fell to the bottom of the cell.
6 o 2 o Additions of niobium trichloride_teg the_e 1ectrolyte.
Having prepared the electrolyte in the usual manner, 
the graphite electrodes were replaced by niobium electrodes 
under a heavy flow of argon. The potential of the unpolarised 
niobium electrodes was -0*58 volts with respect to the standard 
electrode. Attempts were made to carry out a potentiometric 
titration by the addition of successive amounts of IfbCl^ , and 
to .thus determine the valency of niobium in the electrolyte. 
However, a difficulty arose, owing to the trichloride being 
only sparingly soluble. 10 gins of trichloride were added to 
200gms of electrolyte and the melt stirred for a period of 16 
hours after which the undissolved trichloride was allowed to 
settle. When the melt appeared to be quite clear, a sample of 
the electrolyte was taken by immersing a glass tube into the 
melt and sucking up a quantity of the clear electrolyte,
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through one of the electrode
argon to prevent contamination of the dissolved trichloride.
A known• weight' of the solidified sample was then dissolved in 
water, a? black deposit appearing on the.surface of the dissolv­
ing salt, This deposit,being very fine, was rapidly oxidised 
to a white hydrabed oxide which was filtered off, ignited to 
FogOj- and weighed. The black appearance of the deposit 
suggested Kb Cl., and on this basis it was calculated that the
electrolyte contained 0.028 mol^ bbCl^ only at 42C°C.
3
was present in the solution as simple ions and that complexes 
of niobium were not formed. The variation of the solubility of 
trichloride with temperature is shown in fig.6„X. and from 
this data the solubility products for the various teniperaures 
have been calculated (see table 6.1. ■
The current - polarisation curves for the systems-
Kb/kb'4"'1’* :• eg Li Cl - KC1 eutectic /Kb. 
are shown in fig.6.XI. and fig.6.-£11.. fig.6.XI. shows that at 
low current densities the anode and cathode polarisation
It would appear,therefore, that niobium trichloride
Temperature. Solubility. Solubility product.
420°C
450°C
4-85CC
53I°G
0.028 mol5» 4.4 X 10
0.036 mol5;» 1.2 X ID-12
0.060 e o1/> 9.2 X 10
0.071 moy 1.8 X 10
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curves are symmetrical suggesting two reversible electrodes 
involving a simple lorn Pig. 6. XII. show results which include 
higher current densities. In this the cathode potential 
becomes sufficiently negative for lithium ions to he reduced 
at the cathode.'
fig 6.IIII, shows the current - voltage curve for
a saturated solution of trichloride in the lithium chloride -
potassium chloride eutectic between graphite electrodes. This
gives a decomposition voltage for the trichloride of 1.38 v. 
oat 4-20 C corresponding to a free energy of formation of 97 
kdals. The solution of trichloride in the electrolyte gives 
a colourless solution in the molten state and the solidified 
eutectic is white as opposed to the blue colour of both the 
liquid and solidified salt when tetravalent niobium is present.
Fig.6,XIV. shews the variation of anode and cathode 
potentials and cell voltage with time at a constant current 
which is below that of the limiting current of the anode., The 
anode potential remains constant but the cathode potential 
becomes more positive with time, finally having a potential 
of approximately- the same value but of opi>osite sign to that 
of the anode. It was also found that the higher the temperature 
the shorter the time for the attainment of this steady state 
potential.
fig.6,.IV. shows, the variation of the anode and 
cathode potentials and the cell voltage with time at a current 
density above the limiting current. The cathode potential 
rem ains constant w ith  time but the anode potential reaches
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its steady state value by a’two step process, Since the current
density was 65 A/dm it can be calculated that in the course
of 1 hour, approximately 5 gms of niobium dissolved anodically
It■would,therefore, be expected that diffusion of these ions
to the cathode,and their subsequent reduction would have been
shown by an inflexion in the cathode potential curve0 . As there
+was no discontinuity, it is apparent that the reduction of Li - 
is the, only electrode process and tetravalent niobium cannot 
act as a cathode depolariser.
Eig,6»XVI» shows the variation of the potential of
the cell?-
i*
U b /E b * * * * in LiGl - KOI | Ag+in Id Cl - KOI /Ag. - 'II t
with -temperature, which was determined over the tem perature 
range 370 to 550°C.
6.3. Discussion of results.
It has been shown that unpolarised niobium is 
practically insoluble in the lithium chloride - potassium 
chloride eutectic. However,over a period of 16 hours there is 
a change in the potential of the niobium, measured with respect 
to the silver/ silver chloride electrode, from -0.5 to -0.3 v. 
The final potential reached agrees very well with that obtained 
immediately when a small amount of trichloride is added to the 
electrolyte. This change in potential of the niobium can be 
accelerated by anodically polarising niobium for a short time 
at low current densities, i.e. causing niobium ions to enter 
the electrolyte. It is suggested, therefore, that there is. a 
slight solubility of unpolarised niobium.in the electrolyte
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resuiting in a roverslble eleetrode system5 i.e. a change
from the irreversible system Fly LiCl - KOI eutectic, to the ■
• *^ a **?'•
reversible system Fb/Fb in the Li Cl - KOI eutectic.
This could conceivably occur without a detectable change in 
weight of the niobium.
The variation of the electrode potential of niobium 
in equilibrium with its ions, and the activity of the ions
is given by the relationships-
a, "if"* h*- 
_,o RT n FbE - B In — —nf a„Fb
The change in potential can' be accounted for by assuming that 
during the initial potential measurement the slight polarisat-
wjw
ion which must occur results in a trace of Fb going into
-12solution e.g. 10 g ions / 1000 gms electrolyte. This results 
in an associated potential of -0.5 volts, Luring standing an 
increase in the activity of niobium -ions to 10  ^would not 
be detectable as a change in weight of the anode. Applying 
this change in activity of niobium ions to the above formula 
at a temperature of 420°C s-
E = s ° 2-303 X 6.314 X 693 lo,.aiMt)*+4'
3 1 9 6 500 'a
and as the activity of the pure metal is unity, thorn- 
E - E° +• 0.04583 log y  w
Therefore an increase in the activity of niobium ions from 
"I o r
10*"“~ to 10 would cause a change in potential of 0.2784 
volts.
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6 o4« Po lari sat i on_me a sur ement s.
Figs.60 I to IV. show current - voltage and 
po lari, sat ion curves for the lithium chloride - potassium 
chloride eutectic between niobium electrodes. All of these 
curves show breaks or inflexions.
6»5 Electrode processes
6.5010 Anode processes,
At low current densities the anode dissolves with 
an efficiency of 100% corresponding to a valency of n = 3.
This is thought to be due to the reversible metal - metal 
ion system s- '
>-.-1 m - i  t'frh o ■ k 0 +■ 3 e
l?igo6oVII, shows that as the current density ,is increased 
the valency increases rapidly from 3 to 4 There.is an 
Inflexion at n = 4 that corresponds with the limiting current 
density and further increase in the current density then 
produces a rapid increase in the Faraday equivalent. It is 
suggested that at low current densities the niobium ions 
diffuse away from the anode into, the electrolyte. Since the 
solubility of the trichloride is limited, the electrolyte in 
the vicinity of the anode rapidly becomes saturated as the 
rate of dissolution increases with increase in current 
density. This causes a layer of trichloride to form on the 
surface of the anode rendering it passive. As the.current is 
increased, the potential of the anode becomes slightly more 
noble and simultaneously the Faraday equivalent increases.
As the limiting current for chlorine evolution has not been
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exceeded it is difficult to see feow decreased efficiency of
the anode process can he caused by the simultaneous
dissoration of niobium as Nb and evolution of.chlorine.
It is suggested, therefore, that when n is between 3 and 4 
the following two reactions are occurring simultaneously?~
a). Nb — -ste- Mb’ 14" + 3e n = 3.
b). NbCl t Cl~— -» Mbci. + e~ n = 4.
2With increase in current density between 0 and 20 A/dm 
( see fig.6.VII.) reaction b). occurs in preference to a), 
until at the limiting current the reaction is entirely b).
On further increase in the current density atoms of chlorine 
are formed faster than they can oxidise the trichloride and 
chlorine is' evolved, with the subsequent rise in potential 
of the anode to that of the chlorine electrode.
there is no evidence of the presence of any penta- 
chloride in the electrolyte, and it is suggested that the 
pentachloride sometimes observed condensed around the top 
of the cell originated from the reaction between niobium 
and chlorine above the level of the electrolyte. Stirring 
the electrolyte, or working under conditions of reduced 
pressure, depolarises the anode, reducing the potential of the 
anode. This is also accompanied by a reduction of the Faraday 
equivalent from >4 to <4. Niobium tetrachloride can be 
prepared b^z' the reaction between niobium and niobium penta­
chloride ( see chapter 1. ) and it might be thought that the 
dissolution as tetrachloride, under conditions of simultaneous 
chlorine evolution* could arise from the reaction between
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niobium and niobium pentachloride vapour;-
Fb + 4NbCl5— ^NbCl^
If this reaction occurred, then working under conditions of 
reduced pressure would have resulted in a Faraday equivalent 
of nearer. 5 as.the volatile pentachloride would have been 
removed from the system before it could have reacted with 
the niobium. Working under reduced pressure decreased the value 
of n to less than 4 - proving that no pentachloride was formed.
The depolarisation of the anode with reduced pressure 
working conditions is to be expected from a consideration of 
the reactions involved in the liberation of chlorine from 
the anode. If the reaction is written*-
Cl9 -i- 2e“ — rfr 2Cl" 
then assuming that at low pressures chlorine behaves as an 
ideal gass-
PC<1
■n _ -0 ST , 2
a  - a * ni’ X°S ~ 2
(acl-)
Stirring or evacuation removes the bubbles of chlorine from
the anode surface thus reducing the pressure of chlorine-pin
IT  2equilibrium with 'chloride ions rendering the term — log-— :— —
(amore negative and reducing the potential of the electrode Cl ' 
so that there is no dicontinuity in the polarisation curve.
That chlorine cannot be liberated from a niobium 
anode until a layer of trichloride has formed is confirmed 
by the anode polarisation - time curve shown in fig.6.TV.
This shows an arrest at a potential of 0.5 v. for a period
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of 2.5. minutes. This potential agrees very well with that 
for the anode below the limiting currenti.e. the potential 
at which the trichloride is formed.
The anode limiting.current increases rapidly with 
temperature, (.see figs.II.,III. & IV.) which is to be 
expected as the rates of diffusion and solubility rise with 
temperature.
further evidence for the formation of lower halide 
films on the anode surfaces has been furnished by Piontelli 
et alia (40). In the ease of the anodic dissolution of 
zirconium in fused salt melts, a film of dichloride on the 
anode is thought to be formed from the reaction between 
zirconium and zirconium tetrachloride.
Zr * ZrCl ~~-*£2rCl2
6.5*2, Cathode reactions.
The electrolyte contains no, or very few, niobium 
ions prior to electrolysis, therefore, the primary reaction 
at the cathode must' bo the reduction of lithium ions. Fig.6.V. 
shows that the reaction, at low current densities, on a niobium 
cathode occurs at a more noble 'potential than that on a 
graphite electrode under similar conditions. This phenomenon 
of undervoltages at cathodes in the lithium chloride - 
potassium chloride electrolytes has been observed by Laitenen 
& Caur (41) who observed 0.25v with. CoW \ 0.035v with Pb*’r, 
and 0.45v with Zn++. ho explanation was given for this effect, 
but it is suggested that in the case of. lithium on a niobium 
cathode the lithium can be discharged at a potential more
122
positive • than'the Li/Li ”’r equilibrium potential. Considering 
the reactions-
li •+ e   ^Li
The potential is given hyi -
.. KT , U kJii -  ii. 4- l o g ----n..t? aT .Li
where 1° is the standard potential when E = E° and aT.^- = a,..Li li
- 1. Experiments in this, work (see page 90 ) and ‘by other 
workers have shown' that lithium metal is soluble in the 
lithium chloride - potassium•chloride eutectic.(42)(43).. Thus 
any lithium metal that is’ deposited does not form a deposit 
on the niobium but irmuediatedly dissolves in the electrolyte. 
Under these conditions further lithium ions are reduced at a 
cathode consisting of a solution of lithium metal dissolved in 
the■electrolyte which is■in contact with the niobium cathode.
The activity of the lithium will therefore be less than unity,
(c.f. the discharge of sodium from an aqueous electrolyte 
onto a mercury cathode, where the activity of the sodium is 
reduced by the formation of an amalgam). With further increase 
in current density, the rate of deposition of lithium exceeds 
the rate of dissolution in the electrolyte and a layer of 
.molten lithium is formed on the niobium electrode. The .potential 
for discharge of Li^now becomes more negative and approaches 
the equilibrium value. The limiting current for the cathode 
is, therefore, determined by the rate of diffusion of the 
lithium away from the cathode,which is in turn partly dependent 
upon the solubility of lithium in the electrolyte. The rate of 
diffusion, and the solubility os? lithium will be increased by
v
increasing the temperature and • the limiting current will 
therefore increase as well. This was found'to he so, as is 
shown in fig06.VI„
6 0 5 o3 0 Secondary reduction of _niobium,
■ The niobium ions produced at the anode are 
considered to he reduced by a secondary process involving 
lithium metal? -
+ 3Li--•> Nb + 3Id+
This reaction.does not, however, necessarily occur at the 
cathode surface. Evidence, confirming this belief, is the 
formation of black particles which appear in the electrolyte 
approximately midway .between the electrodes immediately on 
applying, a current using niobium electrodes. However, it 
should, be appreciated'thatthe conditions prevailing when a 
current is applied suddenly may differ from those during a 
current - polarisation determination.‘
Prolonged electrolysis at a current density below 
the limiting current of the anode results in the cathode 
potential becoming more positive, (see fig,6.XIV.) This may 
signify a change from a secondary to a primary reaction, by
-r-H-
the concentration of niobium ions (Nb ) increasing to such 
an extent that direct reduction is possible. This depolarisation 
of the cathode results in the potential increasing to a value 
which is identical in magnitude to that of the anode out of 
opposite sign. • • ■
'This increase in the concentration of niobium ions 
in solution is not to bo expected from theoretical
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considerations as, according to Faradays Laws, equivalent 
quantities of■niobium and lithium should he produced and react ■ 
to.give niobium ty the reaction;-
Lb**'' •+ 3Li ?>Nb f 31i’r
It is,however,possible that considerable quantities of lithium 
are lost in the system by volatilisation or reaction with the 
crucible.
Prolonged electrolysis at a current density in excess
of the limiting current of the anode shows no depolarisation
of the cathode. (see fig.6,XV,) It is suggested that the
tetravalent niobium in solution is in the form of a complex,"
possibly an anion, which cannot be reduced by any other means
than a secondary process involving alkali metal. The lower
niobium content of the' deposits obtained from this experiment
(78$ Kb) may be due to contamination of the niobium with
niobium trichloride, as it is unlikely that the tetravalent
niobium/is reduced in one step directly to the metal,. At high
current densities, in electrolytes saturated with trichloride,
+++it has been shown that Kb is reduced by lithium, 
consequently trivalent ions do not necessarily, .depolarise the 
cathode. If the tetrachloride was reduced to the trichloride 
at- a rate which exceeded that at which the saturated trichloride 
solution could be reduced, then niobium trichloride would be 
deposited.
This trichloride would decompose to oxide when the 
deposit was leached with water to remove solidified alkali 
halide salts entrapped in the deposit, resulting in a deposit
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ox lower niobium content 0 Smirnov and Yushina (44) have 
shown that divalent thorium istormed as an intermediate 
product in the cathodic reduction of tetravalent thorirti, 
and wheoher or not the deposit was metal, or a mixture of. 
metal and the dichloride, depended upon the applied voltage0 
Similarly in the cathodic reduction of tetravalent zirconium 
the final deposit is a mixture of zirconium and zirconium 
dichloride.
An alternative reason for the contamination of the 
niobium deposit under conditions of secondary reduction is the 
possible presence of oxygen in the electrolyte. Although the 
greatest care was taken to exclude all oxygen from the system, 
oxygen, or oxides, could be introduced into the electrolyte 
by the' reduction of the pyrex glass crucible by lithium 
dissolved in the electrolyte. This would account for the very 
fine dark deposit sometimes observed on the surface of the 
crucible in contact with the melt, standard electrode, and 
thermocouple sheath. These reactions do not occur under 
conditions of primary reduction when no elementary lithium is 
formed and the niobium content of the deposit is greater,
6.5.4, Additions of niobium trichloride to the electrolyte.
The fact that the anode and cathode polarisation 
curves (fig.6.XI.) are symmetrical#and show only small 
polarisation with increase in current, indicates two reversible 
electrodes
4 . 4 . ^ .  —
Fb qgrjaraSb- hi Jr 3 e
It is considered that the above situation indicates that the
niobium is not present as a complex ion which, would require 
an appreciable overvoltage for reduction.
At higher current densities the rate of diffusion 
of the trivalent niobium ions to the cathode is not sufficient 
to sustain a primary electrode process, and the potential of 
the cathode becomes sufficiently negative for reduction of 
lithium ions.(see fig.6.XII.) The two curves of fig.6.XI. 
give straight lines when plotted on a log ~ log scale, this . 
is shown in fig.6.XVII. This is to be expected as no effort 
was made to decrease the concentration overpotential which 
is controlled by the rate'of diffusion.
Application of the formula connecting
concentration polarisation and limiting currents-
RT / i \
. »■ . = log* (1 - == ] ■ where I is the limiting
c 1111  ^V q / 0 current.
was not possible with these results as the area of the
cathode was continually changing, and at high current
densities was considerably different to that at the beginning
of the electrolysis. Evidence of this is shown in fig,6.IX.,
which shows a tree like deposit which will have an area many
times that of the original cathode.
This dendritic growth occurs with lead deposited 
from lead acetate and nitrate solutions, and appears to be 
associated with discharge from simple ions and a highly
conductive electrolyte. These growths were often seen extend­
ing 1.5 cms into the electrolyte which indicates some 
mechanical bonding since the density of niobium is 8.5 gms/cc. 
compared with 2gms/cc for the electrolyte. However on leaching
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the deposits in water they quickly disintegrated into a fine 
powder. .
The decomposition voltage of the saturated solution 
oof trichloride at 420 C agrees very well with the figure 
obtained for the free energy of formation of the trichloride 
obtained in chapter 5. although here there is some doubt in 
the extrapolation.of the current - voltage curve to zero 
current.
6.5.5. Potential measurements.
The pronounced negative slope of the curve (fig.6.XVI.) 
snowing; the relationship between the potential of the cell:-
i
Kb/ tetravalent Mb in LiCl-KClJAg* in LiCl-KCl /Ag.ii
Glass diaphragm.
shows that the value which from substitution f or h G- in
..m'J!^  MM
the equation AS ~ AG- “ '-nPEgives the. entropy of the system 
and since this is large and the silver ions are known to.be 
uncomplexed (34) suggests that the niobium ions are highly 
complexes. This confirms the supposition made regarding 
the cathodic reduction of tetravalent niobium by alkali metal.
CHAPTER 7t
Electrolysis of niobium chlorides dissolved in the sodium 
chloride - potassium chloride eutectic.
7 o1. Experimental details.
The eutectic was prepared and purified as described 
in chapter 4. After pre-electrolysis, the graphite electrodes 
were replaced by unused, electrodes and a current voltage study 
made. This gave the results shown graphically in fig.7.I. The 
decomposition voltage for the system was 3*05 volts.
The current - voltage curve for the system between
niobium electrodes is shown graphically in fig.7.II. This
shows a decomposition voltage of 1.88 volts. The curve shows
no discontinuities as observed previously with the lithium
chloride — potassium chloride eutectic system although large ~
2
currents of 100 A/dm were passed.
After electrolysing between niobium electrodes at 
a current density of 5lKVdm2 for a period of four hours, 
the niobium anode was removed and replaced by a graphite 
electrode. A current - voltage determination gave an identical 
curve to that of the pure electrolyte. A dip sample of the 
electrolyte was taken under a heavy flow of argon. The 
solidified sample Was blue in colour and when analysed was 
found to contain 0.27$ niobium. The blue colour of the 
electrolyte was indicative of the presence of tetravalent 
'niobium'and on this basis the electrolyte contained 0.029 mol$ 
bbCl . A current - voltage curve for the electrolyte
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containing 0.029 iaol$ NbCl^ between niobium electrodes is 
shown in fig..7-.II. (2nd. electrolysis.) This is identical 
to the first curve and shows that although niobium ions 
are present in the solution, they are not capable of 
depolarising the cathode ,
On examining a section of the solidified electrolyte, 
a black deposit surrounding the cathode, and extending to a 
distance of 1.5 cms into the electrolyte was observed. This 
deposit disintegrated to a fine black powder when leached 
with water, and assayed 79-5 % hh. A black deposit was also 
observed on the anode which appeared to be very similar to 
the deposit previously noted on the anode when tetravalent 
niobium was formed in the low temperature system.
Studies of the anode efficiency were made using a 
silver eoulommeter in series with the cell. The variation of 
the Faraday equivalent with current density is shown in 
fig.?.III. This shows that the anode dissolves to give 
trivalent niobium only at very low current densities.
7.2. Const ant curr ent studies.
Measurements of the voltage at constant current, 
and the current at constant voltage', showed no change 
with time over a period of 16 hours, and current - voltage 
determinations conducted after these experiments gave 
identical curves to those in fig.7.II*
Electrolysis of the solidified electrolyte after ~ 
electrolysis at constant current revealed a phenomenon which 
is convincing proof of secondary reduction of niobium ions.
FA
RA
DA
Y 
E
Q
U
IV
A
LE
N
T
133
8 0
7 0
6 0
5 0
4 0
3 0
/'
X
•X
°  IO 2 0  30 4 0
ANODE CURRENT DENSITY A/dm*
FIG.7.III. VARIATION OF FARADAY EQUIVALENT WITH 
ANODE CURRENT DENSITY FOR THE SYSTEM Nb/ 
NbCI IN THE KCI - NaCI EUTECTIC.
134
Fig.7.IV* shows that the cathode deposit does not touch the 
cathode, and is formed at a distance of approximately 2-3 
m s  away from the cathode surface. This is indisputable 
evidence of the reduction of niobium ions by sodium dissolved 
in the electrolyte. The layer ‘of electrolyte between the 
cathode and the deposit was blue in colour showing there to be no 
deficiency of niobium ions within this layer.
The dark layer on the left is the deposit which 
formed around the anode, which has been removed to show the 
deposit more clearly.
The voltage - time relatd onship on switching off 
the cell is shown in fig.7*V. The curve shows that the 
voltage decay occurs in two steps.
Additions of niobium trichloride were made to the 
electrolyte and, after stirring the electrolyte for a period 
of ten hours and allowing the undissolved salt to settle, 
a dip sample was taken. This was found to contain less 
than 0.001^ Nb. The current - voltage curve for this 
electrolyte between niobium electrodes was identical to 
that in fig. 7.Ho
Individual potential measurements were not 
possible in this electrolyte as no glass electrode is 
available which is cajjable of withstanding the elevated 
t emp eratur es.
Discussi on_o f results.
The previous results differ in many respects from
I
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■those obtained in the:-low temperature system. It is of 
interest, therefore, to discuss their similarities and 
differences.
The current - voltage curve is continuous and\
therefore, it is apparent that the same electrode process
O'ccurs throughout the current range studied. Discontinuities
\
were observed in the low temperature system only.
Although the working voltage of the cell using 
niobium electrodes is lower than that using graphite 
electrodes, it does not necessarily signify that direct 
reduction is occurring at the cathode. This is shown by the 
fact that after electrolysing between niobium electrodes 
for some time, thereby building up in solution a 
concentration of niobium ions, substitution of the niobium 
anode by graphite gives a current ~ voltage curve 
identical to that of the pure electrolyte. The lower 
working voltage is, therefore, due to the different anode 
reactions, i.e. a change frorns-
201*" --- -*>■ Cl^  + 2e~ (graphite anode),
N b  ■?> Nb + 4e~ (niobium anode).
Rewriting these reactions in the form of the-overall cell 
reactionss~
Gr aph i t e electrodes,.
from fig.7.1. 2Na -v Cl2 2NaCl E ? 3.05 v.  ......(I)
Ni ob ium 'electrodes. -
from fig.7.IIo 2Na + -J-NbCl^ — ** 2NaCl + |Nb 1 = 1,88 v. ...(II) 
As the c a th o d e  reactions are identical in.both cases, then
13
subtracting equation (I) from (II).
iivru . m  1-im >  + c i 2 — *  - p rb c i e  = 1.17 v  . . . . . . .  . ( h i )
NowAG- «■ cals and from equation (III) n = 2.
mi „ ao - 2 z 96500 X 1.17Therei ore a O' - - ——— i-
4 o 12
. ~ - 54?800 cals / g.mol of chlorine at 750°C. 
Although niobium trichloride is formed as an intermediate 
product on the anode the calculation is for the.formation 
of the tetrachloride.•The significance of this value will ' 
be discussed in a later chapter.
The re suit s shown in f ig.7.II.appear to c onfirm 
the hypothesis put forward in chapter 6 that tetravalent 
niobium forms a complex, possibly an anion, that can only 
be reduced by sodium? i.e. secondary reduction. In the 
potassium chloride - sodium chloride system there is no 
evidence?therefore? of primary reduction of niobium ions.
J.3«l Oathode reaction. •
The primary reaction at the cathode is-:the 
deposition of sodium metal, which immediately dissolves in 
the electrolyte. Sodium is very soluble in the sodium chloride 
- potassium chloride eutectic? a solubility of 20$ being 
reported by Lorenz and Winzer ( 23) at 850°C, ana is considered 
to diffuse away from the cathode and reduce ihe niobium ions 
which diffuse and migrate towards the cathode, (see fig.7.V.)
Analysis of the cathode product showed it to 
contain 79 o 5$ niobium only. This system is similar to the 
system Zr/Zr++++ in KaCl - KCl/Zr where the cathode deposit
has been shown to be a mixture of zirconium and zirconium 
dichlorideo In the case of niobium the niobium tetrachloride 
is considered to be reduced by sodium dissolved in the 
electrolyte to the insoluble trichloride,, As the niobium
content of the deposit is greater than that of the trichloride
\ '
46„6 - 49°9 ft Nb), it is thought that, in addition, some of 
the trichloride is further reduced to metal by a heterogeneous 
reaction with sodium,
7,4° Voltage decay.
The decay of the voltage is seen to take place in 
two steps (fig.7.V.) which are thought to be due tos-
a). the rapid removal from the cathode of molten 
sodium, with a consequent potential decrease,
b). concentration changes at the electrodes 
produced by the ionic species involved in the 
electrode reactions.
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CHAPTER. 80
Electrolyses using other solvent electrolytes.
Experiments- were conducted with other chloride 
electrolytes, namely2-
CciGl0 ~ NaCl eutectico 
]%G19 - Had eutectico 
The preparation and purification of these electrolytes is 
described in chapter 4.
8.1. Electrolysis of niobium chlorides dissolved in the 
Ca01o - NaCl electrolyte.
Having prepared the electrolyte as described in 
chapter 4, the graphite electrodes were removed and replaced 
by niobium electrodes. A current ~ voltage study on the pure 
electrolyte between niobium electrodes is shown in fig.8.1.'. 
This‘shows an inflexion at a current of 0.1 A. (c.f, the 
inflexion in the current ~ voltage curves with the lithium 
chloride - potassium, chloride electrolyte figs.6.I.& II.)
A second current - voltage determination was made between 
niobium electrodes and gave the curve fig.8.I. (2nd 
electrolysis) which shows no decomposition voltage and is 
very similar to the current - voltage curve shown in fig.6. 
.XI. for the trichloride dissolved in the lithium chloride - 
potassium chloride eutectic, where there were two reversible 
electrodes. The second current - voltage curve shows no 
marked inflexion. The' electrolyte was allowed to cool in situ 
and examination of the solidified salt showed it to be blue 
in colour, which was considered, in previous experiments, to
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be clue to tetravalent niobium.
The cathode deposit was obtained by leaching the 
electrolyte with water-, washing until chloride free and 
finally dried by washing with acetone,
During the analysis of this deposit it was observed 
to effervesce when acid was added. This phenomenon had not 
been observed previously during the analysis of tile cathode 
deposits from other electrolytes and was found to be due to 
the presence of metallic calcium. The analysis of the deposit, 
which was in the form of a fine powder, wass-
Eb. 39.4 fo
Ca. 5.7
8.2. igle et i" o ly si egg) f niobium chlorides dissolved in the MgCl^
~ JJajCl__e lee t rolyt e^
The electrolyte was prepared-in'the low temperature 
cell as described in chapter 4. The graphite electrodes were 
removed and replaced by niobium electrodes and a current ~ 
voltage determination made; the results are shown in fig,8.II. . 
A decomposition voltage of 1.65 v was observed with an 
inflexion at a current of 0.09 A. A repeat current - voltage 
determination on the same electrolyte gave a curve which did not 
show a decomposition voltage but a continuous increase in 
current with applied voltage, suggesting two reversible . 
electrodes. The electrolyte was allowed to cool under an 
atmosphere of argon and when the temperature had dropped to 
below 100°C, it was removed from the cell and found to be
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blue in colour.
The cathode deposit was obtained by leaching the 
electrolyte with water. The deposit took the form of the 
usual fine black powder but contained, in addition, some 
large bright crystals, which dissolved in dilute hydrochloric 
acid with the evolution of hydrogen, and were found to be 
magnesium. The remaining black powder was foundt© assay 86.3$ 
niobium.
8.3. Electrolysis of the' NaBr - KBr outectic between niobium 
fgleoinrodes.
It is known that the tendency for complex formation 
decreases from fluorides to bromides, fluorine, alkali metals 
and metals of group V. form a series of complex salts of the 
following types-
E2TiPs
IgJTbg
few, if any, examples exist of similar chloride, bromide,' 
or iodide complexes. Arising from this decreasing tendency 
to form complexes, it was decided to attempt the electro- 
depositionof niobium from fused bromides, as it was thought 
'that the formation of complex chlorides, observed in the 
NaCl - KC1 electrolyte, which had the disadvantage that they 
could only be reduced by alkali metal, might be overcome.
The eutectic was prepared in exactly the same 
manner as the similar chloride system, and pre-electrolysod 
between graphite electrodes. The latter were removed and
14 3
replaced, by niobium electrodes, and a current — voltage 
determination made. The results of this determination are 
shown in fig:8,111, which also shows the decomposition 
voltage curve of the pure eutectic■between graphite electrodes.
After electrolysing this system at a current 
2density of 25 A/dm for four hours, a second current - 
voltage determination was made and gave an identical curve 
to that of the first. The results obtainable with this system 
appear to be identical to those obtained with the correspond­
ing chloride system. The deposited niobium assayed 81.8$ 
niobium and a black deposit was observed on the anode.
pisous3:lon of results.
8.4. The QaCl^ A a Cl electr oly t e.
This system appears very similar to that of the 
lithium chloride - potassium chloride elctrolyte. Although 
no coulomLetric;. determinations were made, from the above 
stong similarity, it is not unreasonable to assume that at 
low current densities the niobium dissolves to give trivalent ■ 
ions in solution. This is substantiated by the repeat current 
- voltage determination which shows no decomposition voltage 
and from its similarity to fig.6.XI. indicates a current - 
concentration- polarisation curve for two reversible electrodes.
Anode, Cathode,
hb — Nb + 3e ^  * 3q ^ Nb,
The two- systems do, however, differ in one important 
respect in that the calcium reduced was in the solid state.
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Although calcium is. soluble in its halide at temperatures 
above the melting point of the halide (46), no published 
data exists as to its solubility in this eutectic system.
In the leaching of the electrolyte in order to obtain the 
deposited niobium, any elementary calcium present would be
expected to react with the -water possibly precipitating some
calcium hydroxide.
Ca 4 211 ^0 Ca( 011)2 ^ H 0
However , calcium was found in the niobium deposit even after
prolonged washing with large volumes of hot water which would 
be expected to dissolve the Ca( 011)2- It is suggested that an 
alloy of calcium and niobium may have been formed on the 
niobium surface. Under these conditions the activity of the 
calcium might be reduced to such an extent that it would 
show no reaction with water, but would dissolve in dilute- 
acid, Co-deposition of niobium and calcium might occur 
therefore, at very low activities of trivalent niobium, ions.
8.5, The J%C 1 '- NaCl electrolyte.
nnl u e current - voltage relationships obtained with
this system were very similar to those obtained with the 
lithium chloride - potassium chloride, and calcium chloride 
sodium chloride electrolytes. On this basis it is suggested 
that the mechanisms and valency states of niobium present 
are also similar. The repeat electrolysis curve is again, 
typical of two reversible electrodes,
8.60 The' Na’Sr - KBr electrolyse.
The results of the brief study,of this system
suggest that it is identical to that of the corresponding 
chloride system.
Although no coulom m etric measurements were made, the 
current - voltage curves are identical to those of the NaCl- 
KC1 system and again there is no evidence of any direct 
reduction at the cathode. It is suggested that a complex 
tetravalent niobium ion, probably an anion, is again formed 
and can only be reduced by sodium metal.
8.7. Additions of potassium niobium fluoride to the_ lithium 
chloride j- JpotraBslum chloride electrolyte.
Pure potassium niobium fluoride (K^NhF ) was
supplied by the U.K.A.E.A. (Industrial Group). This was
dried at 70°0 for four hours and added to the purified lithium
chloride - potassium chloride electrolyte, under vacuum, in
bthe high temperature cell, at 500 0. Immediately the salt 
entered the electrolyte, large quantities of gas were evolved 
and the electrolyte effervesced vigorously. At first the elec­
trolyte was yellow in colour, but gradually became colourless 
as the effervescence ceased. Prior to making the addition 
the complex was held in the spoon just above the level of the 
electrolyte; this caused no detectable change in the. vacuum. 
Although it was not possible to measure the temperature at this 
point, the fact that the vacuum remained constant suggests 
that the decomposition of the complex occurs only in the > 
electrolyte.. Additions made under an atmosphere of argon 
caused less effervescence but resulted in the formation of a 
large number of bubbles which remained attached to the sides 
of the glass crucible. The electrolyte was yellow in colour.
A current - voltage determination between graphite 
electrodes for the electrolyte after additions of 20 gms of 
KpNbP^ to 200 gnis of the electrolyte at 500°0 gave a curve 
identical to that of.the pure electrolyte. Analysis of the 
electrolyte prior to the current - voltage determination 
showed that the niobiu.ii. content was less than 0.01 <fo ( the 
calculated niobium content if no decomposition occurred was 
3-C5 i * )  ■
On stripping the cell after allowing the electrolyte 
to cool in situ., a black flakey deposit was found on the 
inside of the aluminium heat roflectors. Analysis of this 
showed it to contain 51*7 $ Nb.
8,8. Discussion of results of the experiments with E^hbFr
From the above observations, it is suggested that the 
salt must undergo decompositjon in the electrolyte, giving 
a volatile constituent.
One possible reaction could bos-
IhhbfV 2k ’ •+• 2F + I\bFr
2 7 5
e.f. the dissociation of cryolites-
INaF.AlJ' — 3Ka4 •+ 3?” + All? (47)
Niobium pentafluoride is even more volatile than the 
pentachlorid©, and boils at 234.S°C (48) ( the boiling point 
of the peutachloride is 254°C (49))y and would therefore 
vanourise from. the electrolyte at 500 0. Although no condensed 
vapour was observed on the colder parts of the apparatus, a 
black flakey deposit was found on the aluminium heat reflector,
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and it Is • suggested that the vaipour evolved, reacted with 
the alu.Minj.use to give a lower chloride or mixture of chlorides,
3 r 6-'
2MXIV + A1 — » Kb!1. + Fbl? + All'.j /Cj. j J
It is not clear as to whether the volatile compound of niobium 
evolved was the fluorj.de or chloride although the former 
might be more likely as fluorine would probably displace the 
chlorine from NbClc„
j
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Discussion of results.
This discussion is an attempt to give a 
detailed account of the mechanism'of the various electrode 
processes studied. The lack of information of the 
chemistry of niobium in fused salts necessitates a certain 
amount of speculation as to the exact"nature of the 
processes occurring.
The object of this research into the electro­
deposition of niobium.from fused electrolytes was tos-
a) study the mechanism of deposition of niobium 
from fused salts.
b) obtain the metal in a pure state and 
preferably in the form of a coherent deposit 
so that the metal would not be contaminated 
by the electrolyte.
It is proposed to survey first y.the essential 
features of the present study and then to discuss the 
results as belows™
9.1. Survey of the work.
9.2. Apstratus and experimental procedure.
9.3.■Processes occurring at the anode, ■
■9>4. Processes occurring at the cathode.
9,5. Free energy considerations.
9 >6. Survey of results.
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9.1. Surveyy of_the_wqrk
The principle requirement for electrodeposibion 
from fused salts is an electrolyte free from all 
extraneous impurities and, in order to achieve this, 
somewnat complicated apparatus has been developed, by means 
of which it has been possible to conduct electrolyses under 
vacuum or an atmosphere of argon.
The most troublesome and difficult impurity to 
remove from fused halide melts is oxygen, originating from 
the reagents and moisture'which may be introduced into the 
system by the gases used during the electrolysis. It was 
necessary, therefore, to purify these gases to remove all 
traces of moisture and oxygen. For this purpose an 
ancillary purification apparatus was developed.
In all, six electrolyte systems were used, 
although the majority of the wofck was concerned with 
twro onlys-
lithium. chloride - potassium chloride eutectic.
■ ■ sodium chloride - potassium chloride eutectic.
9.1.3. Egl j- LiCl eutectic.
Attempts were made to prepare the niobium 
halides in situ and thus obviate the difficulties involved 
in transferring the highly reactive halides to the cell 
without any contamination occurring. This met with little 
or no success. The normal Gibson reaction involving the 
use of lead chloride and niobium metal gave negative results,
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owing tc the close proximity of the free energy of formation 
of lead and .niobium chlorides, A similar reaction using 
the leas stable silver chloride was ineffective as the 
niobium became coated with a layer of silver which 
separated the reactants thus preventing further reaction. 
Attempts to use a soluble niobium anode and Pb as a 
cathodic depolariser resulted in unexpected difficulties 
in the form of an extraordinary current - voltage 
characteristic. This was caused by the solution of lead 
in the electrolyte resulting in metallic conduction.
NbC’l , which is comparitively unreadtivaat roomvrv
""'3
temperature, was available, and was used in this work and 
can be handled and added to the electrolyte without undue 
contamination. Niobium ions could also be formed in the 
electrolyte by electrolysing between niobium electrodes. 
Both lithium and sodium produced at the cathode have a 
sufficiently high vapour pressure at the operating 
temperature of the cells for some of the metal, produced 
by primary reduction, tovapourise so that a small 
concentration of niobium ions in the melt could be obtained 
by prolonged electrolysis.
In the lithium chloride - potassium chloride 
electrolyte a standard electrode was available by means 
of which individual electrode potential measurements and 
current polarisation curves could be obtained.
These curves showed breaks or inflexions which 
occurred in both anode and cathode processes. It was shown
that the discontinuity in the anode curve was caused by a 
change from the dissolution of niobium to the evolution of 
chlorine. the discontinuity of the cathode polarisation - 
current curve is thought to be due to a change' from the 
discharge of Li"*" onto a cathode of lithium metal dissolved 
in the melt ( i.e. a^ < l) to discharge of Li** onto lithium, 
metal (a « l)
The anode was found to dissolve in one of two 
valency states. At low current densities niobium dissolved 
to give trivalent ions in solution, while at higher current 
densities the electrolyte in the vicinity of the anode 
became saturated'and the trichloride was precipitated onto 
the anode. 1’he niobium then dissolved to form a complex 
tetravalent ion which could only be reduced at the cathode 
by alkali metal dissolved in the electrolyte. At low 
current densities trivalent niobium could be reduced 
directly to the metal at the cathode.
In the sodium chloride - potassium chloride . 
electrolyte niobium trichloride was found to be insoluble 
and the niobium dissolved anodically to give the complex 
tetravalent ion only. This ion was reduced to give a 
mixture of the trichloride and metal at the cathode by the 
sodium reduced by primary reduction which was in solution 
in the electrolyte.
9.1.3. Other jslectrnlytpp,
Calcium chloride - sodium chloride and magnesium
chloride - sodium chloride sysi eras gave results similar 
to those of the lithium chloride - potassium chloride 
electrolyteo
.Electrolysis using the complex fluoride E^FbF 
dissolved in. the lithium chloride - potassium chloride 
electrolyte was attempted but proved unsuccessful as the 
I^ ISbF appeared to dissociate in solution with the formation 
of- the volatile niobium pentafluoride. The equilibrium 
concentration of niobium in' solution was so low that a 
current voltage-, deterrnination of, the electrolyte was 
identical to that of the pure electrolyte.
Estimations of the free energies of the formation 
of the niobium chlorides have been made from decomposition 
voltages and anode depolarisation,
9.2. Apparatus aricg exjperlraegitpl procedure.
The apparatus devised for this work resulted 
from experience gained from preliminary studies and 
incorporated, what is considered to be, the best features 
of this preliminary study and of t eehniques used by other 
workers. It was considered that the following features 
were essentia 11 -
a) capable of evacuation to low pressures,
b) ability to observe electrodes and electrolytes,
c) ability to make additions to the electrolyte 
without undue contamination,
d) means of introducing electrodes so that 
movement of these was possible under vacuum.
The low. temperature system was constructed 
entirely of glass, hut suffered from the disadvantage 
that additions could not he made to the system. However, 
useful results were obtained with this apparatus’ 
especially with the lithium chloride « potassium chloride 
electrolyte. The electrodes etc, were introduced to the 
system through parallel ground glass syringe fittings 
(adapted from hypodermic syringes) so that the electrodes 
could be moved under vacuum or an inert atmosphere of argon
As this cell was limited in the temperature of 
operation by the softening point cf glass, the high 
temperature cell was developed. The only disadvantage with 
this cell was that corrosive gases (HC1, Cl^ , and CC1 
vapour) could not be passed through the electrolyte owing 
to the possibility of corrosion of metals included in the ' 
construction of the cell. With the silica spiral heating 
coil the entire electrolyte could be observed under 
conditions comparable to those of an aqueous electrolysis.
The high temperature electrolytes could not be 
so readily observed because of the construction of the 
furnace; however, the electrodes could be viewed from the 
top of the cell.
The experimental procedures were very similar 
to those used in aqueous electrolysis except for the need 
to maintain an inert atmosphere and the necessity for very 
prolonged purification procedures (two days for each 
experiment)» The time for purification of the lithium
chloride - potassium chloride system was found to be
considerably shortened by conversion of the EeCl^ to an
insoluble EeV0 which could then be readily filtered off.
£ o
By this means the purification' could be reduced to one 
day? and it is considered that this method had many 
advantages over prolonged pre-electrolysis.
The standard electrodes' used have been shown 
to be reproducible and reversible, their only disadvantage 
being that their exact potentials are not known. This 
restricts their value in obtaining thermodynamical results,,
9 »3. Proceages o a^Jdae^ anod^e.
The primary process occurring at the anode in 
the present work, irrespective of the electrolyte used, 
is the anodic dissolution of niobiums-
h b  — N b ’*** 4- 3 e*~
The extent to which this reaction proceeds is determined 
by the solubility and rate of diffusion away from the anode 
of the trivalent niobium ions. These factors vary with 
temperature and solvent electrolyte used.
Effect of temper atyre o n the ,_anoj.e process.
Both solubility and rates of diffusion increase 
with increase in temperature. Hence, the higher the 
temperature the greater the extent to which the above 
reaction will proceed. This is verified experimentally 
by the results shown graphically in fig.6.II. and VI. which 
show the variation of anode limiting current with temperature
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The limiting current observed does not represent the limit 
of the dissolution of trivalent niobium but is related to it.
Iffect of thejsolubility of niobium tr i ch1o ride.
Should the electrolyte become saturated with 
trivalent ions, niobium trichloride is -precipitated. . luring 
the anodic dissolution of niobium, an increase in the rate 
of dissolution results in the formation of Nb***’ ions 
faster than they can diffuse away from the anode and thus 
the electrolyte surrounding the anode becomes saturated 
with the trivalent ions and trichloride is precipitated 
on the anode. The above considerations apply to electrolytes 
in which the trichloride is soluble to some extents-
liCl - KOI eutectic.
CaCl^ - NaOl eutectic.
Mg01o- NaCl eutectic.c.
and in tli o s e e 1 e ctr olyt e s ni ob ium anodes' will dissolve, 
at low current densities, to give trivalent ions in 
solution.
On the other hand in the NaCl - KC1 eutectic the 
trichloride is practically insoluble, and on applying a 
small current a layer of trichloride immediately forms on 
the anode but dissolves and diffuses into the melt.
However, further increase in the rate of dissolution 
results in the formation of the tetrachloride,, probably 
according to the reactions-
Nb Cl _ 4- 01“  w  NbCl, + e“
3 4
The tetravalent niobium in solution is, however, thought
to "be present as a complex anion (see following section) 
possibly NbOlg , and in light of this the overall reaction 
may be writtens-
Nb + 3 0 1 " —  N b C l-  + 3 0 l ”~— ~ —>  W b C l7 " + e "3 6
The dissolution of both tri- and tetravalent 
niobium ions may occur simultaneously at certain dissolution 
rates, i.e. current densities, (see fig._6.VII in the 
current density range 0 - 20.A/dm ).
As the rate of dissolution is further increased, 
the rate of reaction of NbCl^ with the chloride ions is 
exceeded and chloride ions are then oxidised to chlorine 
gas which forms as bubbles on the surface of the electrode 
 ^causing the potential of the electrode to increase and the 
anode efficiency to decrease.
In the NaCl - KOI eutectic Fb**** is the only 
species present in the electrolyte. Experiments with this 
electrolyte have proved conclusively that tetravalent 
niobium ions in -solution are obtained as a result of the 
intermediate formation of niobium trichloride.
By conducting experiments under argon and in 
vacuo.(see page 12Q ) it has been demonstrated that niobium 
.pentachloride is not formed at the anode even though 
chlorine is evolved. The condensad pentachloride vapour 
around the top of the cell is probably due to a direct 
reaction between niobium and chlorine above the level of 
the electrolyte.
The reason why niobium trichloride is insoluble 
in the NaCl - KC1 electrolyte is not known. However, there 
is evidence to show that this electrolyte behaves in a 
different manner from the LiCl - KOI electrolyte. Work-by' 
U.S. Bureau of Mines ( 9 ) has shown that the cathodic 
reduction of the complex fluoride, K^NbP , dissolved in NaCl
Q
is possible at ©00 C» However, similar experiments in the
oLiCl - KCi eutectic at 500 C failed because the complex 
dissociated to such an extent that volatile niobium 
pentaflucride was evolved and little or no niobium remained 
in the electrolyte. It would appear, therefore, that niobium 
halides sire more likely to dissociateand ionise in the 
■LiCl ™ ICC1 electrolyte than they are in the NaCl - EC1 ■ * 
electrolyte.
9 o4« Processes occuming at the cathode.
Although one of the objects of the present work 
was to produce massive coherent deposits of niobium, the 
experiments conducted failed to give the desired results.
T + +That Nb ions can be reduced directly to metal 
at cSi cathode is shown by the polarisation curve and absence 
of a decomposition voltage between niobium electrodes 
(fig. 6.XI). The small anode and cathode polarisation 
indicat es reversibility % -
Nb -<— Nb+++ + 3 s”
and the absence of complex ions of niobium.
Piontelli has shown that there is practically 
no activation overpotential, in either the anode or cathode
processes, (on solid or liquid cathodes) during ■ salt 
electrolysiso Departure from reversibility with increase 
in current must be due, therefore, to concentration 
polarisation which is determined by diffusion considerations.
It is of interest to consider briefly the 
physical nature of a deposit produced by cathodic 
reduction of a metal ion from an aqueous solution. The 
„ crystal size of a deposit depends on the metal itself, the 
nature of the ion reduced, temperature, current density, 
agitation and crystal nature of the metal etc. (50).
The cathodic deposition of a metal can be compared 
with the precipitation of a salt from a saturated solution.
 ^ highly supersaturated solutions lead to the precipitation 
of very small crystals. Highly supersaturated solutions 
are comparable with high current densities, i.e. high rates 
of nucleation result in deposits of small crystal size.
Low current densities are associated with a low degree of 
saturation, under these conditions there is a greater 
tendency for crystal growth and less tendency for nuclei 
to form. This results in the formation of a small number 
of large grains.
High current densities cause local irregularities 
to grow, resulting in the formation of long dentritic 
growths extending into the electrolyte towards the anode. 
These growths are known as trees. This type of growth 
occurs most readily when the metal ion concentration is 
low and circulation of the electrolyte is inefficient.
Once the irregulatities commence to grow, the trees are 
self propogating as a concentration of current lines 
occurs at the extremities of the trees causing preferential 
dex^ositionWhether the trees continue to grow is determined 
by the current - polarisation relationship of the metal - 
metal ion system, in question. If polarisation rises rapidly 
with current density, metal deposition on the extremities 
of the trees will be difficult and the growth of the trees 
will be prevented. In the case of iron and nickel 
polarisation rises rapidly with current density and deposits 
of.these metals are smooth and regular. The increase of 
polarisation in the reduction of lead and silver from simple 
ions with current density is small and the deposits of these 
metals are often dendrictic with long trees extending into 
the-electrolyte. In general, hard metals give smooth 
deposits while soft metals give irregular tree-like deposits.
The effect of temperature on the form of the 
deposit is to give a smoother more uniform surface. The 
reason for this iss- .
a) at high temperatures crystal growth rather 
than nucleation is.favoured.
b) high temperatures decrease local concentration 
differences by increased rates of diffusion, 
convection currents, etc.
c) increase in conductivity of the electrolyte
at elevated temperatures tends to prevent tree 
formation.
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The above considerations are "based on deposition 
of metals from aqueous solutions. It is considered of 
interest to apply these criteria to the results of the 
present fused salt study. In aqueous electrolytes the 
formation of tree-like growths is the exception rather than 
the ru'le? whereas in fused salts the position is reversed.
Consider the deposition of niobium, from a saturated 
solution of niobium trichloride by primary reduction at a 
temperature of 45C°C at low current densities. By analogy 
with deposition from aqueous electrolytes the following 
features would favour smooth deposits and lessen the 
tendency for "dentritic" growthss-
a) low rate of deposition,
relatively low concentration of lib ,
c) high conducting electrolyte.
On the other hand the very small increase in 
polarisation with current density would signify a "dentritic" 
or a coarsely crystaline deposit.
However, the very much higher temperatures obtained 
during deposition from fused salts may very well outweigh 
the above considerations as crystal growth will be 
considerably increased under these circumstances. Thus, 
large crystals will develop from the face of the cathode 
and a dentritic crystal growth may be caused by the 
passivation of certain areas of the crystal by formation 
of oxide. This will be considered in more detail later.
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A further factor which may he significant is that 
we are dealing with simple cations, whereas, discharge from 
aqueous electrolytes is invariably from a complex due to 
water of hydration.
A survey of the deposition of the metals U, Ti,
Th, Zr, and Ce in the solid state from fused electrolytes 
has shown that in all cases, powdery semi-adherent deposits 
.were obtained. * Variations of temperature, current density, 
and concentration of ions to be deposited have been made in 
attempts to obtain coherent deposits. These have met with 
little or no success, although the most coherent deposits 
have been obtained using low rates of deposition and high ■ 
temperatures etc.
It has been suggested that the deposition of a 
coherent deposit is not possible below the recrystallisation 
temperature of the metal to be deposited. As an approximation, 
the recrystallisation temperature is half the melting point, 
measured in degrees absolute„ Of the above metals only 
titanium has been deposited at temperatures near the. 
recrystallisation temperature, but coarse semi-adherent 
deposits were obtained.- Further 'evidence in support of this 
theory is provided by Bett, Hickman, Willis and Warner (51). 
who obtained coherent deposits of titanium from a bath of 
titanium diehloride dissolved in the sodium chloride - 
potassium chloride eutectic at 750°C by means of a "hot 
spot" cathode. This was obtained by the use of a cathode 
which barely touched-the surface of the electrolyte, causing
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arcing to occur around the area of deposition, resulting 
in a high temperature region. Under these conditions the 
deposit obtained was a semi-sintered sponge of metal which 
was easily withdrawn from the electrolyte and contained 
little entrapped electrolyte (c.f. electrolytic calcium 
production),
This theory, based on coherent deposits being 
obtained only if the electrolyte temperature is sufficiently 
high, clearly'distinguishes between the mechanism of cation 
discharge from aqueous electrolytes and fused salts e.g. 
chromium gives adherent deposits from aqueous electrolytes 
at room temperature0 It is, of course, true that deposition 
from aqueous electrolytes usually occurs from metal- 
complexes, but deposition from complexes in fused salts 
invariably results in powdery deposits.
An exception is the deposition of molybdenum 
which gives coherent deposits from a chloride electrolyte 
at 900°G (52). Molybdenum melts at 2620°C and would, from 
the approximation mentioned above, have a recrystallisation 
temperature of 1450OC. This is far in excess of the 
temperature of deposition in the above experiment.
Therefore, aithough' temperature would appear to have some 
effect on the deposit, it is not the sole reason for 
powdery deposits.
Of the above metals it is the oxides of molybdenum 
only vfa.ich are volatile at a temperature of 900°C. It is 
suggested that this is an important factor in determining
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the deposition of a coherent deposit. Coherency of a 
deposit may be prevented by the- formation of a layer of 
oxide, or absorbed oxygen, on the surface. This theory 
has been advanced by Vagramyan (53) for the formation of • 
coarse semi-adherent deposits of silver from aqueous 
electrolytes. The dentritic crystals formed are considered 
to be due to passivation of certain areas of the growing 
crystal by the formation of an oxide .or adsorption of 
■impurities. Passivation of a growing crystal of niobium 
by the formation of an oxide film is more likely than the 
passivation of silver by oxygen or impurities.
In the electrodepositlon of molybdenum at 900°C 
any oxide formed on the surface of the cathode would 
volatilise and thus the surface of the deposit would remain 
uncontaminated and amenable to further deposition. An 
oxide film formed on metals which form non-volatile oxides 
would remain- on the metal surface and prevent the formation 
of coherent deposits. Richardson (54) has suggested bathing 
the cathode in hydrogen, at a partial pressure such that 
the hydride is not formed, to reduce the tendency for oxiua 
formation by producing a metal surface containing dissolved 
hydrogen, further evidence for this theory is provided 
by the deposition of a layer of coherent titanium on silver
(55) from, a fused salt electrolyte at 750°C. Silver has 
a similar lattice structure to titanium, and as the oxides 
of silver are unstable, its surface remains unoxidised. 
However, only . very thin deposits of titanium were obtained
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for as soon as the silver became coated with titanium a 
surface layer of oxide formed and prevented further coherent 
deposits. 'Similarly a very thin deposit of uranium has
been plated onto a piece of molybdenum at a temperature
o ( *0 -of 750 ■- (300 0 from a chloride bath. At this temperature
the. surface of the molybdenum would be clean and free from 
oxides and thereby amenable to coherent deposition until 
a complete layer of uranium had-formed.
It should be emphasised that very little oxygen 
would be required as an impurity to forrn a layer on the 
deposit and prevent further growth., and although the 
greatest care has been taken by all workers to remove and 
exclude all traces of oxygen, it is thought that it would 
be very difficult to remove the last traces sufficiently 
to prevent this effect. Alpert,. Schultz, and Sullivan,
(56) found that- in the electrodeposition of titanium from 
a fused chloride bath the longer the electrolysis was 
continued, in a completely enclosed system, the more 
coherent the deposit became. . It would appear here that 
the first metal to be deposited was acting as a getter for 
traces of oxygen, and when all of this had been removed than 
growth of the deposit was possible. They also observed that 
the best deposits were obtained in unstirred electrolytes.
It was thought that agitation caused oxides and impurities, 
normally only sparingly soluble and thus probably found as 
a deposit at the bottom of the cell, to be dissolved and 
deposited on the cathode.
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Fuxthor.evidence in support of the above theory, 
is provided by the fact that the platinum group metals have 
been deposited as coherent deposits from the lithium chloride- 
pot&ssium chloride electrolyte in the open atmosphere (57)„
formation of oxide on the cathode surface„
It is thought probable that any oxygen in the melt- 
will be p r e s e n t ' as an oxychloride, e.g. niobium oxychloride, 
FbOCl . Oxychlorides are known to be soluble in the chloride' 
melts and electrolysis of potassium niobium oxychloride has 
resulted in the deposition of the oxide 1Tb0. (1). On this 
basis niobium oxychloride would probably ionise as below*-
bbOCl.— - I T b O +++ + 3Gl“"3
Little is known regarding the stability and 
properties of niobium oxychloride5 Pairbrother (58) found 
that, when heated, niobium oxychloride dissociated to give 
the oxide and the pentachloride. As the concentration of 
the oxychloride would be small compared with that of the 
trivalent niobium ions it is not unreasonable to assume 
that niobium would be deposited in preference to the oxide„ 
As the concentration of niobium ions is low it is quite 
probable that during electrodeposition areas of low 
niobium activity might be formed and under these
ei* cAn uk
conditions the NbO would be reduced and deposited.
This oxide film would then render the surface of the deposit 
passive to further deposition. This will give rise to 
crystal growth followed by oxide passivation of certain 
areas of the growing crystals, so that further crystal
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growth takes place in certain preferred directions giving 
rise to a dentritic structure. This deposit is 
sufficiently strong to support itself in the electrolyte, 
but not strong enough to withstand the forces set up 
during the solidification of the electrolyte.
Secondary reduction of niobium _ions_ involving jalkali metal^
The electrodepotition of metals from fused salt 
electrolytes is very similar in many ways to that from 
aqueous electrolytes. In the deposition of niobium from 
trivalent niobium ions in a fused chloride electrolyte, 
an increase in the rate of deposition over that of the 
rate of diffusion of ions to the cathode results in 
 ^ insufficient icns being present to sustain the reaction.
The decreased activity of the niobium icns results in the 
potential of the cathode becoming more negative and finally 
reaching such a negative value that alkali metal is 
produced. The corresponding reaction in aqueous electroly­
sis is the evolution of hydrogen. TIere, however, the two 
processes differ; in aqueous electrolysis the hydrogen 
is insoluble in the electrolyte and is evolved as gas 
bubbles resulting in a reduced cathode efficiency. In the 
case of fused salt electrolysis, the alkali metal produced 
is soluble in the electrolyte resulting in a solution that 
is capable of chemically reducing the metal ions to metal. 
Thus, in this case the cathode efficiency is not markedly 
reduced providing the alkali metal is available for 
reducing the metal ions.
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Secondary reduction may occur for one of two
reasonsi ~
a) cL&fficiency of reducible metal ions at the 
cathode,
b) presence of ions at the cathode which are 
incapable of direct reduction, i.e. complexes.
Little or no published work exists on the 
formation of complexes in fused salts, and papers 
published on the deposition of metals from fused salts 
invariably' state that the complex formed has such a high 
stability that it can only be reduced by alkali metal.
This would be possible if the concentration of the metal 
complex was low compared with the very high concentration 
of ha^ .o
It is suggested that in the present work the 
complexes formed are complex anions. Evidence for this 
in the case of tetravalent niobium iss-
a) blue colour of the'electrolyte when tetravalent 
niobium is present,
b) presence of blue colour irrespective of the 
nature of the alkali metal present in the 
electrolyte,
c) tetravalent .niobium, cannot be reduced directly 
but only by alkali metal,
Q  ‘I*1 **$■
d) FbOl sublimes at 400 0 suggests that Nb
r
is not present as chis compound in the melt.
J?eduction jgf _coinplex anions at a cathode^
Numerous theories exist for the mechanism of 
metal deposition from complex anions at a cathode. Aqueous 
electrolytes containing complex anions are used for the- 
deposition of bright smooth deposits. The factor that 
has not yet been satisfactorily explained is how a negatively 
charged ion can be reduced at a negatively charged electrode.
The first theory advanced for this phenomenon 
in aqueous electrolysis was by Hittorf (59) who suggested 
that positively charged potassium icns are preferentially 
reduced to give potassium metal which then reduces silver 
from complex silver cyanide anions. This is thought to be 
most unlikely unless the activity of the potassium-is 
drastically reduced by alloy formation, which is hardly 
possible with a solid cathode. A similar hypothesis (60) 
involves the formation of nascent hydrogen which then 
reduces the complex anion. No evidence is available to 
prove or disprove this theory.
Another theory is the dissociation of the complex 
anion to form simple cations (61) (62) (63) s- 
(Ag(Oif) ) —— 2CtC 
AgT 4. e —  >  Ag.
Evidence for this mechanism is that similar deposits may 
be obtained from very dilute solutions of silver nitrate 
circulated at high velocities, where the activity of the 
silver ion approaches that of a complex cyanide solution,
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One theory suggests the direct reduction of the 
complex anion (Ag( ON) ) (64) (6i5) (66 ) % -
(Ag(CN)2)~ + e~ -*Ag + 2CTf
Although this reaction assumes the reduction of a negati­
vely charged ion at a negatively charged electrode, this 
is not unreasonable since two negatively charged ions may 
he attracted as below?-
(Cu(CN)2 r  + C ir  — ^  (Cu(CN) )~~
To explain this reaction it is considered that localised 
charges may he of more importance than the overall ionic 
charge,
A theory that avoids the difficulty of charge 
repulsion at the cathode was advanced by Glasstone (6?) 
who suggested that a complex cation was formed from the anion 
and that this was reduced at the cathode in the normal ways- 
, 2(Ag(Cl02r-— ~ ( A g 2CI'l)* + 3CH"
(Ag9GTlh f  e -----— Ag ■}■ AgCN.
The presence of complex cations has been established in 
solutions where there is an excess of silver ions, but this 
is unlikely to be the case in silver plating solutions where 
there is a ten fold excess of cyanide.
There is no doubt that complex anions are reduced 
at the cathode but the exact mechanism is not clear, however, 
one phenomenon regarding the cathodic reduction of complex 
aniens is o f interest in the present work, Thompson (68) 
has shown that complexes with low co-ordination* numbers 
(dicyanides) are readily reduced at a cathode, whereas those
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with.high co-ordination numbers (hexacyanides and octa- 
cyanides) are reduced with difficulty; usually at low 
cathode efficiencies. In the case of complex copper 
cyanide anions, increase in cyanide concentration leads 
to the formation of complexes of higher co-ordination 
numbers and causes a decrease in catholic efficiency,
(copper deposition and hydrogen evolution occur simultan­
eously).
Little is known regarding the co-ordination 
number of tetravalent niobium ■ complex anions, but 
pentavalent niobium is known to have a co-ordination 
number of seven (69) and it is not unreasonable to assume 
that a reduction of the valency by one is accompanied by 
a similar reduction in the co-ordination number. On this 
basis the tetravalent complex anion of niobium could have 
a co-ordination number of six?-
(lib Clg)
This is substantiated in a paper by Orgel (70). On the 
basis of the theory regarding the co-ordination number of 
a complex and the possible cathode reaction (see above) it 
is considered that because of.the high co-ordination number 
of this anion its direct reduction at the cathode would be 
highly improbable.
it would thus appear that this complex anion is 
reduced by sodium i.e. by secondary reduction which need 
not necessarily occur at the cathode.
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Solubility jof ^ alkali. metals in theiiy halides0
The exact configuration of an alkali metal 
dissolved in its halide is not .known, but it is suggested 
that if is present in solution as a positively charged ion 
with an electron closely associated with it making it 
electrically neutral, e.g. (71)
*
' %i 4. 1 _
> Na 1 e\
V '
As the concentration of the dissolved alkali 
metal increases, the spheres of influence of the associated 
electrons overlap and the electrons are free to move from 
one positively charged sodium ion to the other. Under these 
conditions the solution behaves as an electronic conductor, 
(see fig. 5.V and VIII).
lyeduction _of the J3pm£lex_ tetraval.ent niobium_anion bjgjylkali 
mot al d is solved in _the jsJLe ctr0lyte.
fig 7-IV. shows the form of the deposit when the 
complex tetravalent anion is reduced at the cathode by
dissolved sodium metal. The deposit is seen to be
completely isolated from the electrode and is smooth on the 
inner but diffuse on the outer surface. This suggests that 
the deposit is growing outwards. It is suggested that the 
deposit is formed as followss-
a) the sodium reduced at the cathode dissolves 
in the electrolyte and diffuses outwards from 
the electrode,
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b) the negatively charged anions are repelled 
, from the negatively charged cathode and
migrate towards the anode,
c) precipitation occurs where the activities
of the two reactants are suitable for a
reaction to give NbCl.,.
j
The cathode deposit from the NaCl - KOI electro­
lyte contains more niobium than the non—stoichiometric 
trichloride and it is suggested that some of the trichloride 
is reduced to the metal by an heterogeneous reaction with 
alkali metal.
Whether the product of secondary reduction at the 
cathode is niobium or niobium trichloride is determined by 
the solubility of the trichloride in the electrolyte under 
consideration. In the LiCl - KC1, MgCl^ - NaCl, and 
CaClg - NaCl electrolytes the trichloride is soluble to 
a limited extent and here the deposit should normally be 
the metal. However, if the trichloride, which is thought 
to be formed.as an intermediate product in the reduction 
of the tetravalent complex, is produced at a rate in excess 
of that at which it could dissolve in the electrolyte, 
then the trichloride would be precipitated. As the 
trichloride is. practically insoluble in the NaCl - KC1 
electrolyte, the product is almost entirely the trichloride 
the metal present being due to further reduction by sodium 
in the melt.
The greater part of the deposit shown in fig. 6.IX
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was deposited■by secondary reduction. It is seen to be 
dendritic in nature with long trees extending into the 
electrolyte. It is also evident that more dejjosit is 
present at the top of the electrode than at the bottom.
Lithium being of low density might be expected to rise to 
the surface of the electrolyte, where there would, therefore, 
be a higher concentration of dissolved lithium and a 
greater precipitation of NbCl^.
As secondary reduction is due to the low, 
activity of niobium ions at the cathode surface, it is to 
be expected that the deposit would take the form of long 
dendritic growths extending into the electrolyte, as this, 
by Le Chateliers principle, tends to reduce the decreased 
niobium ion activity. It is suggested that the homogeneous 
reaction between the dissolved lithium and niobium ions in 
the electrolyte would occur more easily at an interface 
where the niobium ore. trichloride produced could be 
deposited. This, in, conjunction with the above effect, 
causes the interface to proceed in the direction of 
increasing niobium ion activity, and in this way leads to 
the formation of long tree-like dejoosits.
9*5. ffre e energy c ons id_er at ions.
It was not until the present work was almost 
completed that any thermodynamical data was available on 
the formation of niobium chlorides. Recently, J.B.
Ainscough & B.W. Trowse (72) have calculated the free 
energies of formation of the penta-, tetra-, and the non
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stoichiometric trichloride of niobium. Although various 
approcimations are made in making these calculations, 
because of the lack of the necessary information, the 
correlation of the results with published work on 
equilibrium mixtures of niobium halides and hydrogen 
chloride, is reasonably good,
fig 9*I« shows the relationship between free 
energy and temperature for reactions involving 1 gm mol.__ 
of ch1orine which has been calculated in the present work 
from data where the values are for reactions involving 
1 gm atom of niobium. This is desireable for a comparison
with data avaioable for alkali chlorides.
Ni ob ium jp ent emlil or i d e__.
Nb(e) - |ci2(g) NbCl^(g).
G° = - (171.5 - 1) X 103 - 42.2T - 5(T ~ 550) - 0.9(T- 1050)
- 6.2(T - 1109) cals / g atom of niobium,
hi ob ium t etra chi or i do
Fo(s) - 2Ci2(g) m>ci4(g).
' G° = - (104 - 1) X 103 - (T ~ 1109)(-31.2 - 5) cals / g atom 
of niobium,
Ni ob ium trichlor id e
Ifb(s) - |ci2(g) Fd012>67(s ).
G° -  -  (130.5 - 1) X 103 - 54.8T - 3.3(1’ - 1109) -
1.2(T - 1050) cals / g atom of niobium.
The range of composition of the trichloride
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Fig.9.1. VARIATION OF FREE ENERGY WITH TEMPERATURE.
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(Cl/Nb ratio 2,67 - 3*13) was taken into accounts and the
results given above are for FbCl0
2 , 5 /
It should be emphasised that the following results 
calculated from experiments in the present work are only 
'approximations, Accurate results are not possible in view 
of the approximations and assumptions made.
The following estimations were made from two 
different aspects of the electrolytic studiess-
a) decomposition voltage,
b) anode depolarisation.
hecomposition voltages.
If an electro-chemical reaction was to take place
r ever sib ly the decomposition voltage would be identical
with the e.m.fo of the corresponding reversible cell.
Under these circumstances it would be possible to calculate
the free energy decreases-
- G° = nl?E r
This procedure has been' applied to systems of the types-
Pb / PbCl2 / Cl2 ( c ) .
Sn / SnCl2 / Cl2 (C)
The method has, however, several limitations, e.g. 
the thermo- e.m.f. due to metal Junctions may produce errors, 
dissolution of deposited metal in the melt and diffusion of 
metal to the anode which may cause an indistinct inflexion 
in the' current voltage curve.
In the present work a further complication was
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that the decomposition voltages were determined from 
solutions of niobium' chlorides in eutectic melts thus 
necessitating a correction for activity.
It is, however, of interest to compare the results 
obtained for the free energies of formation of niobium 
chlorides obtained by measurement of decomposition voltages 
with those obtained from thermal data. It should be 
emphasised that the values obtained for G°, in view of 
the limitations of the method, are approximations only.
Niobium trichloride.
The decomposition voltage obtained for a saturated 
solution of NbCJl^  in the lithium chloride - potassium 
chloride eutectic at 420°C gave a current voltage curve 
which did not show a sharp inflexion, so that some doubt 
exists as to the exact extrapolation of the curve to zero 
current (fig. 6.XIII.) A decomposition voltage of 1.38 v 
represents a fair average of the possible decomposition 
voltages that could be obtained from this curve. Prom this 
value it is calculated that fors- 
Nb - | C l2 = FbCl
- G = 96.9 Kcals / g atom of niobium.
It can be seen that the corresponding value obtained by
Ainscough & Trowse was considerably lower:-- •
—  G = 71o2 Kcals / g atom of ]jLiobium.
However, their value is for the formation of NbCl^ at unit
activity whilst the result obtained in the present work is
for a saturated solution of NbCl. in the eutectic. Assuming
3
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that at low concentrations the activity is equal to 
concentration, from the value of the saturated solution 
(0.028 gins FbCl^ / 1000 gms of eutectic) the correction 
for activity iss-
~ AQr = - 14 o 78,
Hence - AG- - 82.18 Kcals / g atom of niobium from the 
measured decomposition voltage, correcting for activity.
The results obtained by Ainscough & Trowse are for FbCl^(S) 
whereas in the fused salt the KbCl0 is present as a liquid.
As NbCl^ does not normally exist as a liquid and there is, 
therefore, no latent heat of fusion available, it is.not 
possible to correct for the free energy for RbCg (1).
The above results are considered, however, to be in fair 
agreement.
The method is not applicable to HbCl^ which forms 
a complex in the melt that can only be reduced by alkali 
metal. A current - voltage curve for this system gave a 
decomposition voltage which corresponded with that obtained 
with rhe pure eutectic.
A G° for NbCl and FbGl^  by anode depolarisation.
The above result was obtained by a direct 
decomposition voltage determination using graphite electrodes. 
The following estimations of free energies were obtained 
indirectly, replacing the graphite anode by an niobium 
anode. The work of Cuthbertson & Waddington (73) 
illustrates the procedure employed. These workers measured-' 
the decomposition voltage of A1Q0^  dissolved in cryolite
using platinum, electrodes and then replacing the platinum 
by graphite electrodes. The results obtained for 
decomposition voltages weres-
Platinum electrodes (inert anode) 2,5.v,
Graphite electrodes (active anode) 1,-75 .v.
The reduced decomposition voltage obtained when using a 
carbon anode is clearly due to energy being introduced into 
the system by the oxidation of the graphite by the oxygen 
evolved at the anode, and if the reaction is 3-
c  ♦  i o 2 -  c o
the difference in decomposition voltages represents the 
free energy of formation of carbon monoxide.
In the present work the inert electrode used was 
graphite, and the anode reaction wass-
3Cl- = | Cl2 <• 3e” ....................... 1.
providing no combination occurred between the carbon and 
the chlorine. The active anode was niobium and the anode 
reactions -
Fb + 3Cl gives FbCl^ -t 3© .2 .
Subtracting 1 from 2 we obtains-
3Nb ~ Cln = FbCln.2 2 3
Providing the cathode reactions are the same in both cases 
it should be possible, therefore, to obtain the free energy 
of formation of FbCl^ from these two determinations,
a) ItbCl^  in the PbCl2 - FaCl - KC1 system.
Previous results (see page 87) have shown that the free 
energy of formation of FbCl^ using the above procedure was
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67 Kcals / g mol of Cl^ , This agrees approximately with the 
value of 60 Kcals / g mol of Cl^ obtained by Ainscough for 
} solid NbCl-, at the same temperature,
b) FbCl^ in the NaCl - KC1 system.
Results obtained (page 138) using the above procedure have 
shown that the free energy of formation of NbCl. was 55
nr
Kcals / g mol of 81^ , This agrees exactly with the value 
obtained by Ainscough at the same temperature,
9,6, Survey of re_su_lt s_._
It is considered necessary to briefly survey the 
results of this study, the more important of which are 
listed belows-
a) experimental procedures have been developed 
to give very pure electrolytes,
b) niobium dissolves anodically at low current 
densities to give simple trivalent ions in 
solution.
c) these trivalent ions can be reduced by a 
primary reaction at the cathode at low current 
densities.
d) at high current densities niobium dissolves 
to form a complex tetravalent ion, possibly 
the anion NbClg , which can only be reduced 
by a secondary reaction involving alkali metal 
dissolved in the electrolyte.
e) powdery cathode deposits have been obtained 
which have been difficult to separate from the
electrolyteo
a theory of passivation of certain areas of
the cathode deposit has been developed to
account for the form of the deposit.
thermodynamic measurements of the free energies
of formation of NbCl_ and NbCl. have', been made
3 4
and agree very well with published results.
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